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ABSTRACT

Kate Gleason College of Engineering
Rochester Institute of Technology

Degree: Doctor of Philosophy Program: Microsystems Engineering
Authors Name: Tyler J. Wiegand

Advisors Name: Christopher J. Collison

Dissertation Title: Assessing the Contribution to OPV Efficiency of Energy Transfer in
Charge Transfer Coupled H-aggregates.

Organic photovoltaics (OPVs) are intended to be low-cost, long-lived devices with an array
of possible applications. While record device power conversion efficiencies continue to improve,
developments have largely been achieved with increasingly synthetically complex, high-cost
molecules. Meanwhile, a deeper understanding of underlying molecular excited states and active
layer structures influencing long-term performance is often neglected. To improve understanding
of what drives efficiency in OPVs, Squaraine, a synthetically simple, low-cost organic molecule
with a diverse array of excited state species and blending properties, is considered here. Focus is
placed on the Squaraine charge transfer H-aggregate (HCT) and how active layer morphology
influences the remarkable energy transfer properties of this species.

First, by quantifying the contribution to OPV efficiency of a diverse array of Squaraine
excited state species, a clear dependence is observed on the extent of mixing between Squaraine
and PCBM. Some mixing is shown to be beneficial for molecular devices, shortening the distance
for exciton diffusion. However, improved crystallinity within Squaraine domains is observed to
overcome any stifling of exciton diffusion associated with concomitant phase separation. Thus,
since crystal packing could improve device efficiency, questions are raised about the efficiency
contributions of HCTs which form in pure, crystalline Squaraine domains.

To address the concerning phase separation, incorporation of two different Squaraine
donors in a two donor, one acceptor ternary blend is identified as a pathway for improved control

over aggregation and phase separation within OPV active layers. Limited energy transfer across



diverse excited state populations and broad distribution of states is observed to have a dramatic
negative effect on device efficiency. Yet, isolated HCT formation, or crystallization, is identified
as not inherently bad for device performance when extensive phase separation is restricted. The
typical negative impact of HCT formation on device efficiency in organic photovoltaics is
determined to be primarily due to larger domain sizes and diverse excited state populations.
Finally, with sub picosecond transient absorption measurements we directly observe
energy transfer kinetics of HCTs and identify morphological features that drive their contribution
to device efficiency. Sub-picosecond energy transfer from HCTs to monomers is facilitated by the
Dexter energy transfer mechanism. Furthermore, formation of a Squaraine:PCBM charge transfer
complex is rapid following HCT excitation and energy transfer to monomers, demonstrating the
potential of HCTs for OPV efficiency. However, excessive domain enlargement is found to slow
down exciton motion and hinder energy transfer, emphasizing the importance of small domains in
HCT-based OPV devices. This dissertation thus highlights the importance of well-mixed materials
and the diverse array of active layer morphologies that Squaraine derivatives may provide. Rapid
energy transfer observed in small domains of Squaraine charge-transfer H-aggregates is a key
advantage for improving OPVs and driving research towards technological improvement and

commercialization.
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1 Chapter 1. INTRODUCTION
1.1  Organic Photovoltaics Devices
1.1.1 Global Impact and Growing Demand

As the global population surpasses 8-billion people, increasing per-capita energy
consumption and growing concern for environmental stability continues to drive technology
towards reliable renewable energy. The utilization of nonrenewable energy sources, such as oil and
natural gas, remains a primary cause of the release of greenhouse gases into the atmosphere.
Simultaneously, ever increasing energy needs show no signs of slowing down. Therefore, there is
a continuous need for new renewable energy sources to support renewable technologies already in
place. While photovoltaics are already a prominent source of renewable energy across the globe,
Organic Photovoltaics (OPV) are poised to provide another option with low cost, rapid throughput,
and environmentally friendly devices.

Since 1954, when silicon semiconductors were first used to develop a photovoltaic (PV)
device [1], the efficiency and cost of PV technology has improved dramatically. Commercially
available systems have efficiencies around or exceeding 20% with efficiency guarantees of up to
25 years [2]. The research, development, and advancement of PV technology continues to enhance
efficiencies and lifetimes while decreasing cost of production. While silicon-based devices still
dominate the market, new semiconductor materials, such as organics, have been identified as a new
option [3], [4]. As new technologies arise, the goal remains the same: provide clean renewable
energy at the highest efficiency, longest lifetime, and with the lowest cost financially, and
environmentally.

Many PV semiconductor technologies remain prohibitively expensive, and rigidity limits
their potential to flat pane applications. As part of the third generation of photovoltaic technologies,
OPVs aim to fill the gap. Since their discovery by Kearns and Calvin in 1958 [5], the promise of
OPVs has been low cost, high efficiency photovoltaics fabricated using environmentally friendly

methods and flexible substrates. With a constantly expanding field of research, efficiencies now



exceed 18% in laboratory fabricated cells [6]. With commercialization expected in the near future,
potential applications for OPVs are numerous, with examples like flexible substrates [7]-[9] and
colorful device tapestries [10], [11]. However, the commercialization of OPVs remains in its early
stages, facing limitations that have restricted commercialization efforts so far.

The primary limitations which plague OPV technology include poor lifetime stability [12],
[13], limited green production technique success [14], [15], and proven scalability to meet demand
[16]. While efficiency has continued to grow year over year, this is often coupled with increasing
material and manufacturing complexity [17], [18] which only increases the cost of the device. There
is a need for low-cost materials with a simple synthetic pathway that can be used in long-lasting
devices. Now that efficiencies have well exceeded the 15% benchmark [19]-[21] for
commercialization efforts, the field must turn focus to other requirements for commercialization:
lifetime, scalability, and green fabrication.

Of the many types of OPVs, bulk heterojunction (BHJ) devices consisting of mixed
photoactive electron donor and acceptor materials, have demonstrated greatly increasing
efficiencies enabled through a proliferating number of materials [22]-[27]. Despite major progress
in the lab with new materials, commercialization attempts remain underwhelming and rely more
on a small set of over-utilized conjugated polymers such as P3HT [13], [28], [29]. Commercial
success will likely depend on the simple synthesis of small-molecule active layer materials and the
efficiencies of devices made from these simpler materials. [17] For example, squaraines, a focus in
this work, can be synthesized at low cost in very few steps. [30] However, the commercial viability
of squaraine-based devices also depends on device efficiency, [31] which has room for
improvement. The primary objective of this thesis will be the consideration of OPVs utilizing
squaraines, a promising small molecule that is cheap to produce, in order to improve their status in
the large library of OPV materials. In order to improve efficiency and drive commercialization of

OPVs, it is first necessary to understand how they work.
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Figure 1.1 — Simplified model of photon to electron conversion in and organic photovoltaic (left) and
general structure of overall device (right). Below are electron and hole positions at each stage in the
photon to charge carrier conversion process.

1.1.2 Understanding the Device

1.1.2.1 Structure, Fabrication, and Operation
OPVs convert solar energy into electrical energy with an all-organic-molecule active layer.

To understand this process in detail, it is valuable to first understand the structure of an organic
photovoltaic. A complete device structure, provided in Figure 1.1, is designed to promote efficient
photon to electron-hole pair conversion, charge separation and subsequent collection, thereby
generating electricity from sunlight. The main component is the active layer; composed of
photoactive materials, this layer absorbs sunlight, generates collectible charge carriers, and
transports them to electrodes for collection. The active layer may be fabricated in several different
structures, discussed further elsewhere [32]; the focus here is on the Bulk Heterojunction (BHJ)
structure, the most common in modern devices. A BHJ active layer is composed of two (or more)
compounds, randomly mixed as in Figure 1.1. The morphology of the active layer, a broad term
that includes crystallinity, domain size, and purity, among other properties, describes its structure.

The molecules included within the active layer act as either an electron donor or acceptor during
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operation. On either side of this active layer are two electrodes which serve to collect electrons (or
holes) generated within the active layer and transport them to an external circuit. In select cases,
hole (HTL) and electron (ETL) transport layers are utilized between the active layer and electrodes

to improve device efficiency by improving separation of these charge carriers.

While fabrication of standalone device layers can take place using several different
techniques, depending on materials and processing restrictions, this work focuses on the BHJ and
its manufacture. Interested readers are referred elsewhere for information on electrode layer
fabrication [33], [34]. For BHJ fabrication, the most common technique is spin-coating, whereby
i) a concentrated solution of the photoactive material mixture is dissolved in a highly volatile
solvent, ii) that solution is dispensed onto the substrate, which is iii) subsequently spun rapidly,
allowing solvent evaporation to leave behind a thin layer of photoactive material. Chosen solvent,
spin speed, concentration, and inherent molecular properties all influence the resulting morphology
[14], [35], [36]; more detail on this is provided in a later section. After spin-casting, post-processing
techniques such as thermal and solvent annealing may be utilized to further alter morphology,
promoting material diffusion and phase separation. Other common techniques for the deposition of
the bulk heterojunction include vacuum deposition [37], drop casting [38], and printing techniques

[39].

Once fabricated, device operation occurs through five steps, four of which are shown in
Figure 1.1: i) photon absorption, ii) energy transfer, iii) charge separation, iv) charge diffusion, and
charge collection. Each of these steps has an associated efficiency that, when combined, describes

the overall conversion efficiency (1..:) of a device by

Npce = Mags X Mgnr X Nes X Nep X Nec 11

where 7.5 is the efficiency of photon absorbance, ne.r is the energy transfer efficiency, n. is the

charge separation efficiency, 1. is the charge transport efficiency, and 7. is the charge collection



efficiency. While Figure 1.1 provides a cartoon depiction of select steps, greater detail is necessary

to understand what drives the efficiency of each step.

The incident photon, absorbed by photoactive materials, may excite a ground state electron
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). The absorption probability for a photon is a complex quantity accounting for the
transition dipole moment, conservation of momentum, selection rules, and molecular symmetry,
among other contributing factors. Those interested in better understanding are directed to [40]
although some details will be provided later. The resulting excitation, an exciton, is a coulombically
bound electron-hole pair on the excited molecule, held together with a binding energy on the order
of several hundred millielectronvolts and a predicted lifetime typically on the order of hundreds of
picoseconds [41]. Once generated, this exciton may diffuse through the active layer via energy
transfer (EnT) from molecule to molecule. The distance the exciton is capable of travelling is
typically estimated as 10 nm [41]-[43], although the distance, and even direction, varies due to
differing pathways and intrinsic molecular properties. If the exciton successfully diffuses to the
interface between donor and acceptor, before it decays back to the ground state, a lower energy
unoccupied molecular orbital in the electron acceptor will encourage charge separation through
relaxation of an electron from donor to acceptor. (It is important to note that excitons generated on
the acceptor material will result in a separation of charges through a similar mechanism with the
hole being donated from acceptor to donor. However, it is commonplace to describe the mechanism
from the point of view of a photogenerated exciton on the electron donor. Regardless, the result is
a charge separated state with the electron residing on the acceptor and the hole residing on the
donor.) Once chemically separated, the opposing charge carriers must overcome coulombic
attraction and then individually diffuse through the active layer to their respective electrodes for

collection. As described by Equation 1-1, if any step described here has a low efficiency, the device
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Figure 1.2 — JV-curve of a photovoltaic under illumination. Inset is a simplified circuit model of an
illuminated photovoltaic.

suffers no matter how efficient the other processes are. Researchers must therefore optimize all
processes to make the best performing device.
1.1.2.2 Device Testing

Evaluating the efficiency of each step in the mechanism individually is no small feat, so
device testing most often begins with measuring overall efficiency in current density(J) vs.
voltage(V) curve while the device is exposed to a light source, an example of which is provided in
Figure 1.2. From this measurement the open-circuit voltage(Voc), short-circuit current density(Js),
fill factor(FF), and the power conversion efficiency(PCE) are determined. Voc, determined by the
curve’s intersection with the x-axis, is the applied voltage which halts current flow. The Voc is
proportional to the energy difference between the acceptor LUMO and the donor HOMO, also
thought of as the energy of the electron-hole pair after charge separation. Js, determined by the y-
axis intersection, is the current density per unit area flowing through the device when there is no
applied voltage opposing charge flow. Js is largely influenced by the number of photons absorbed
by the photoactive material, since more absorbed photons will lead to more electrons and increased
current. FF is a characteristic quantity of the JV-curve describing its squareness with a more
rounded curve having a lower fill factor due to a variety of energy losses related to device structure

[44], [45]. FF may be calculated by
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where P4, in Figure 1.2 is the maximum power point based on the product of current density
(Jup) and the voltage (Vy,p). These three values are combined to calculate the output power of the

device (Pyye) In
Voc X Js¢ X FF = Poy; 1-3

which is divided by the input power from the light source (P;;,) to determine the device’s power

conversion efficiency.

Pout _
> = NpcE 1-4
mn

Beyond the JV-curve, two other common methods for efficiency evaluation are
measurements of carrier conversion quantum efficiency and thin film absorbance. The latter is a

measure of the fraction of photons absorbed by the thin film across a range of photon wavelengths,

typically selected based on the solar spectrum, and represents the n,,. term in Equation 1-1.

Greater absorbance increases exciton generation, leading to greater device output power if those
excitons are separated into opposing charge carriers and able to diffuse to electrodes for collection.
The other measurement, carrier conversion quantum efficiency (QE), describes the efficiency of
photon to separated charge conversion and collection. QE may be measured externally (EQE), the
probability of an incident photon being absorbed, converted to charge carriers, and collected.

Internal Quantum Efficiency (IQE) is the efficiency of just the conversion and collection process

and is measured after the photon is absorbed. IQE combines all terms, other thann,, .., in Equation
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Figure 1.3 — Theoretical optimum structure of the morphology (left) compared to a more
experimentally common BHJ morphology (right) achieved from the spin-coating fabrication process.

1-1. The IQE of a photovoltaic is measured by comparing the number of electrons extracted from

the device to the number of photons absorbed by the device.

1.1.2.3 Morphology Control and Description

From the operational description of OPVs, it is evident that the efficiency of a device is
largely dependent on the structure, or morphology, of its BHJ active layer. To maximize efficiency,
material domains must be small enough to ensure easy energy transfer to the interface, providing
the maximum interfacial area for charge separation. At the same time, domains must be sufficiently
continuous to provide separated charges a clear pathway to electrodes after separation. An ideal
morphology is a series of thin interwoven fingers of donor and acceptor as in the left side of Figure
1.3, yet the reality is more often akin to the right side of Figure 1.3 for a BHJ. This raises the
essential question of how morphology is optimized to maximize device efficiency. Obtaining a
bicontinuous network of domains, both small and interconnected, through spin-coating requires
either self-assembly during deposition or post-processing guidance [35]. Six components typically
determine the morphology obtained through self-assembly from spin-casting: processing
conditions, primary casting solvent, solvent additives, overall concentration, material ratios, and
molecular structure [35].

Processing conditions encompass characteristics like the substrate rotation speed, substrate
area, and the volume of solution dispensed. Faster spin speeds decrease film thickness as a greater
guantity of solution is thrown off the substrate before the solvent can evaporate. Larger substrates

may also have a thinner film as the solution is spread out over a greater surface area with fewer
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substrate edge effects, perhaps reducing the amount of material available per unit area. The inertia
of a larger substrate will also influence the angular acceleration, which in turn can affect film
properties. Lastly, a smaller volume of dispensed solution further induces film thinning by
providing less material per unit area.

Primary casting solvent(s) are the volatile solvents that the photoactive material is
dissolved in. More volatile solvents will have an increased rate of evaporation, increasing material
deposition rate. A faster deposition rate reduces the available time for molecular reorientation time
during the deposition. Therefore, a rapidly deposited film will have less opportunity for dynamic
molecular alignment towards a thermal equilibrium, that may include phase separation and
crystallinity in pure domains. Solvent choice can also determine the deposition order of molecules
based on solubility limits, where higher solubilities mean the solute will stay solvated for longer as
solvent evaporates and concentration increases, while lower solubilities lead to earlier precipitation
during spin coating.

The use of solvent additives has been fruitful for manipulating thin film morphology [35],
[46]. Solvent additives, added to the solution in small quantities, typically promote separation of
donor and acceptor due to higher boiling points and favorable solubilities. High boiling point
additives promote the development of a thermodynamically stable morphology because the
solution remains for longer times than when simply using a highly volatile solvent [47], although
select solvent additives have also been demonstrated to enhance mixing [48]. However, concerns
regarding reproducible results have been raised regarding morphology stability and whether such
additives are a source of toxicity in fabrication [35]. Additionally, removal of solvent additives
from the active layer matrix may be both necessary and costly [49]-[51]. Unremoved residual
concentrations of high boiling point additives may promote further unintended and unwanted phase
separation.

Changes to molecular concentration alter the rate at which material falls out of solution as
solvent evaporates. The concentration of active layer material in the spin-casting solvent will also
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lead to changes in viscosity of the solution, which will have an impact, although the viscosity
changes are very small for molecular systems as compared to those spin casting solutions made
from polymer active layer materials. If a solute is highly concentrated in the solution, more material
is deposited onto the surface. The resulting thicker film will trap solvent deeper within the film,
increasing drying time and giving solute molecules more time to organize, or crystallize, after the
spin-coating process due to the elongated drying time. The effect is like annealing, allowing the
molecules to move towards a preferred thermodynamically stable state through the additional
translational freedom the solvent provides.

Lastly, we consider material ratios and molecular properties, two of the more important
characteristics in the context of this work. The properties of molecules and their interactions with
each other will directly influence their ability to mix (or not). Both early kinetic behaviors during
the casting process and long-term thermodynamic interactions will influence the morphology [35],
[52], [53]. Molecules which are found to mix well together are likely to promote small, highly
impure domains which greatly support EnT to the interface but may limit the efficiency of the
charge transport that follows. In contrast, molecules with a tendency to phase separate will produce
large, pure domains of each material leading to developed pathways for charge transport, but larger
distances for the exciton to traverse. While there is no fully encompassing description of the
interactions of molecules based on their molecular properties, mixing is driven by intermolecular
forces and entropy. In OPVs, the donor and acceptor are often combined in mass ratios very close
to 1:1 to ensure adequate pathways for charge diffusion and provide more interfacial area for charge
separation, though this is not a requirement. Each new combination of materials will have its own
optimal morphology and material ratio, and identifying that optimum is no small undertaking.

The morphology of the active layer may be characterized by several parameters describing
the microstructure of the material mixture. The most common analysis includes measurement of
the topography, distribution of materials (blending), and crystal packing. Topography of the film,
often measured by atomic force microscopy (AFM) [54], is essential for describing surface
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roughness as it defines the interface with the top electrode, which is influential in charge collection
efficiency [55]. Material distribution on the surface may be monitored by techniques derived from
(AFM), such as Kelvin Probe Force Microscopy, to determine the distribution of materials on the
surface [54] and even the bulk, through measurement [56] or extrapolation. Accurate descriptions
of material distributions can give estimates of the sizes of domains throughout the active layer and
allow for an evaluation of domain purity, a factor that influences extent of crystallinity. Crystal
packing describes how the molecules orient with respect to each other and the surface. When
molecular packing transitions from amorphous to a crystalline state, electron wavefunctions of
neighboring molecules may have a larger overlap, increasing charge mobility. A combination of
the identified morphological characteristics can therefore provide an excellent picture of the BHJ.
Once the optimal morphology is determined through correlation with device efficiency, the
challenge then becomes obtaining (or retaining) that morphology throughout the lifetime of the
device.

When designing or selecting materials to act as electron donor and acceptor, a significant
number of characteristics must be considered. It is not as simple as just selecting the cheapest
molecules to move forward with. As a result, the library of materials utilized in OPV numbers in
the thousands, each of which has its own qualities [18], [57]. In the long run, any commercialized
material must be cheap to produce in high quantities [17], [18]. Until around 2015, fullerene
derivatives dominated as the acceptor [58] and only the donor was adjusted. Fullerenes were prized
for extensive conjugation, isotropic charge transfer characteristics, and limited concerns for crystal
structure variation [58]. Beyond that, they were readily commercially available and reasonably
priced for laboratory levels of production. However, fullerene’s downfalls became apparent as
commercialization became more possible and efficiency began to drive literature. A major shift
occurred toward selectively designed non-fullerene acceptors (NFAS) built to order for OPV and
radically improving device efficiencies [58]. While the ever-expanding library of materials for OPV
has allowed device efficiency to grow exponentially, it has allowed materials to become lost in the
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literature if they fail to immediately exhibit high efficiency. This is concerning as finding the
optimal efficiency (through morphology) is easier said than done. Often forgotten on the quest for
high efficiency is the original goal of OPV to be a low-cost PV technology. High efficiency, long
lasting devices composed of low-cost components must be focused on if OPV technology is ever
going to be successfully commercialized.

1.1.3 Maximizing Efficiency

Because the efficiency of each step in the OPV mechanism must be maximized, a
discussion here on some additional device parameters is necessary. The first parameter, absorbance,
is largely defined by the materials that make up the active layer. Each molecule has different
HOMO and LUMO energy levels, the energy difference between which defines the minimum
photon energy that may generate an exciton for that molecule. While the HOMO-LUMO gap
defines the required photon energy, it is the oscillator strength which defines molar absorptivity
and probability of absorption [40]. Through interaction of the molecule’s electron cloud with the
absorbed oscillating electromagnetic wave, a non-zero transition dipole moment creates an electron
cloud rearrangement. The square of the transition dipole moment is proportional to the oscillator
strength [40]. Without interaction between the electron cloud and photon, or when a transition
dipole moment is zero, no absorption may occur, and the photon will be transmitted and lost.
Furthermore, even for the same molecule, the HOMO-LUMO gap and oscillator strength vary with
the properties of the molecular environment, allowing a range of wavelengths to excite a molecule
with variable probabilities [40]. To maximize the absorbance efficiency, the bandwidth of
absorbance should be broadened to absorb the maximum fraction of the solar spectrum. Selecting
molecules with increased intrinsic absorbance probability and bandwidth is the first step towards
improving device efficiency, to ensure more photons are absorbed. Typically, absorbance of the
donor and acceptor are chosen to be complementary, improving device efficiency. The interested

reader is referred to [40] for further information on the absorption properties of molecules.
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The second step in the device mechanism, diffusion of Excitons, is the most significant
characteristic, differentiating OPVs from other PV technologies. The diffusion of these electrically
neutral excited states is often referred to as occurring through energy transfer (EnT) mechanisms
as the energy is moved between molecules within the active layer [41], [59]. EnT occurs in OPVs
primarily through either Dexter [60] or Forster [61] (Fluorescence Resonance Energy Transfer,
FRET) mechanisms. However, there may be other contributing or competing mechanisms [62]. A
complete discussion of energy transfer theories and experimentation is essential in the context of
this work and is reserved for a later section. For now, an improved energy transfer rate increases

the distance the exciton may travel for a fixed lifetime (), increasing the likelihood it reaches the

interface for charge separation. The efficiency of energy transfer (1., ) , or exciton diffusion, is

described by an exponential ratio of the exciton diffusion length (Lp) and the distance from the

exciton to the nearest donor:acceptor interface (d) in

d

Negr = € 0 1-5[63]

where L; may be described by the exciton’s diffusion coefficient (D), determined by previously

discussed EnT mechanisms, and the dimensionality of diffusion (Z) in

L, = 22Dt 1-6 [42]

Without successful charge separation, recombination occurs such that the excited electron relaxes
back down to the ground state, releasing its energy as either a photon (radiative recombination) or
thermal energy and vibrations (non-radiative recombination). Additional competing actions include
inter-system crossing to a long-lived lower energy triplet state which may behave as a trap, fission
processes by which initial excitations break into two separate lower energy triplet states [64], or
fusion processes by which two low energy excitons may combine to form a single higher energy
exciton [65], [66]. A final competing mechanism is exciton-exciton annihilation whereby two

excitons come into contact and destroy one-another [67]. Because this requires two excitons to be
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in close vicinity, it depends highly on the power density of incoming photons and the concentration
of a specific material on which the resulting excited states reside in the blend [68]. Each of the
described mechanisms has different kinetics and probabilities and each influences device
performance.

Once the exciton reaches the interface between the donor and acceptor materials, the
excited state must undergo charge separation, which results in the hole being on the electron donor
and the electron being on the electron acceptor. It was long believed that this process required a
driving force to enhance charge separation efficiency and overcome the exciton’s coulombic
binding energy. This driving force is introduced by an energy offset of the LUMOs for excitons
generated on the electron donor, of the two active layer components, typically in the range of
300meV. However, recent reports have suggested this required driving force may not be a necessity
and is solely a consequence of poor interactions between the chosen donor and acceptor [69].
Fullerene derivatives were the typical choice for electron acceptor owing to their reasonably high
manufacturing scale and isotropic charge transfer behavior believed to improve device efficiency
[69], [70]. However, the most common acceptor, PCBM ([6,6]-phenyl C61 butyric acid methyl
ester, or PCs1BM), remains too costly for large scale manufacturing, and it was determined that the
previously required energy offset was likely an artifact of poor donor interaction with the PCBM
[69], a key reason for the shift to NFAs [58], [71]. Eventually, more appropriate acceptors currently
limited to low-scale, high-cost syntheses will likely take its place, but for now PCBM remains a
common acceptor choice due to availability and an extensive library of reference literature
employing PCBM as the acceptor [72].

The final processes after successful charge separation are charge transport (diffusion) to
the electrodes and charge collection. Once separated, charges may diffuse freely through the
domains of their selected material as they are no longer coulombically bound to the opposing charge
carrier, to which they were “geminately” formed. These independent charges diffuse through a
hopping mechanism between neighboring molecules towards their respective electrode interfaces
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[73], [74], at which point they are collected. Factors influencing the efficiency of this hopping are
expected to include the size, purity, density, and uniformity of domains within the active layer.
There must be a clear path between the point of separation and the electrode, otherwise there is a
risk for the charge to become stuck in a trap or undergo recombination with an opposing charge
carrier. Recombination may occur from both a previously separated geminate and non-geminate
electron-hole pair; charge carriers must be collected without non-geminately recombining with an
opposing charge at any available interface. Therefore, a more crystalline and organized domain is
expected to better enhance charge mobility and therefore to facilitate the efficiency of this motion.
Lastly, the collection of these charges at the electrode is largely dependent on the interface
properties facilitating a smooth transition, providing good contact, and the resistance of the
corresponding electrode. Influential properties can include relative energy levels, surface
roughness, molecular alignment at the surface, and the inclusion of ETLs and HTLs as previously
mentioned to selectively collect a single charge type [74]-[77].

The efficiency of all five of these steps determines the efficiency of an OPV device and
must all be maximized. However, sole maximization of each step, and consequently maximizing
the device efficiency, is insufficient for commercialization. The device efficiency overall, and for
each step, must be maintained over the entirety of the device’s operational lifetime. If any one step
should fail, the efficiency of the others are irrelevant. As such, focus is now turned to evaluating
how device efficiencies may change over the course of operational lifetime due to environmental

and operational stressors, and how researchers can change the device to prevent failure.

1.1.4 Device Lifetime Considerations
Improving the efficiency of a device is meaningless if the device is too costly and does not

maintain performance over a sufficient lifetime to counter the cost. There needs to be a dramatic
research shift to focusing on improving device lifetime [12], utilizing less costly materials, and
using fabrication techniques that are scalable [78]. While each of these considerations warrants
their own full discussion, here we will discuss specifically how morphology can impact long-term
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device performance. Changes can occur from selected fabrication techniques or as a natural
consequence of device operation in a non-laboratory-controlled environment.

Maintaining morphological control over the lifetime of an organic photovoltaic device is
essential for commercialization of the technology. Organic molecules in a BHJ differ dramatically
from inorganic crystals like Silicon as they are not locked in a lattice and are instead intermixed
during fabrication and free to translationally diffuse. Over time with sufficient thermal energy,
certain compound combinations may phase separate to form larger pure domains of each
component, leading to significant morphological changes and device efficiency fluctuations. These
phase separations are determined by the enthalpy of the interactions between components, the
entropy associated with highly mixed states, and the kinetics of mass transport driven by
temperature. Optimizing and locking in the best morphology is essential to ensure that the device
maintains its efficiency over the course of its lifetime. Any relaxation from the optimized structure
is predicted to dramatically change the efficiency [79].

The best-case scenario for a device is when selected materials have an optimized
morphology that is comparable to its eventual thermal equilibrium. In this case, thermally induced
changes to morphology such as limited phase separation, can be instigated in production. If the
optimal morphology is not the thermal equilibrium, it becomes necessary to find ways to prevent
significant mass transfer during operation. One potential solution is the introduction of cross-linked
polymers to limit diffusion and lock molecules into larger polymer structures [80], [81], [82].
Alternatively, inclusion of additives within the mixture has been shown to promote a specific
morphology by interacting with select components to alter blending characteristics [46]. Inclusion
of additives often leads to incorporation of a third primary component in a ternary blend active
layer [83]. The third material can be selected to provide a number of benefits such as a third
complementary absorbance and increased control over device morphology [83]. However,
selection of this third component further increases the number of variables leading to device
efficiency and so careful consideration of available materials becomes very important.
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1.2  Excited States, Energy Levels, and Energy Transfer
In addressing the changing morphology of devices over operational lifetimes, a need arises for

a deeper understanding of molecular interactions. While we have already discussed how changing
properties in the bulk can influence the efficiency of devices, there are additional changes which
occur at the molecular level which can completely alter the behavior of a device. A more detailed
framework will be provided here for interactions of molecules on a more intimate scale than on the
entirety/bulk of the BHJ. The impact of the work presented here depends greatly on three types of
interactional packing structures: monomers, aggregates, and charge transfer species. Although

these three species have been described in more detail elsewhere, we provide here a brief review.
1.2.1 Monomers

A monomer is a single molecule that is isolated physically and electronically from other
similar molecules which it has the potential to interact with. Often monomers are best described by
the behavior of dilute solutions where molecules may freely undergo translational and rotational
motion without interaction with other solutes. Monomers are typically characterized by narrow
absorption bands due to limited variability in their environment which would otherwise alter energy
levels, and because of their rapidly changing orientation. The absorbance characteristics of
monomers in a thin film, while similar to those of an isolated molecule in solution, will often
produce shifts in absorbance as they move from a liquid solvent to a solid solvent with a different
dielectric constant/permittivity and as realignment of the surrounding molecules in the solid lattice
is restricted [84], [85]. In addition to a red-shift, the absorbance is often broadened in a thin film
due to variation in molecular environment from molecule to molecule. Physical and electronic
isolation in a thin film is not so easily achieved due to the inherent density of molecules leading to

aggregation [85].

17



Blue-Shift Case Red-Shift Case
T I Y — 3T

Dipole L 3 [ Dipole
Relationship . Relationship

-7 — 1 =

H-aggregate Levels Monomer Levels J-aggregate Levels

v

Figure 1.4 — Splitting patterns of the H-aggregate (left) and J-aggregate (right).

1.2.2 H- and J-Aggregates

Aggregates appear in thin films as dipoles of nearest neighbor molecules reorganize
towards preferred orientations. For example, J-aggregates are characterized by a head-to-tail
packing motif where transition dipole moments point towards or away from one another as in
Figure 1.4. J-aggregates are identifiable by a red shift in the absorbance spectrum along with a
significant enhancement in photoluminescence efficiency. H-aggregates on the other hand result
when molecules pack face-on, leading to neighboring transition dipole moments which are either
parallel or antiparallel, as in Figure 1.4. H-aggregates tend to produce a blue shift in the absorbance
spectrum (and a dominance in the 0->1 vibronic band over the 00 vibronic band [86], [87]) and
a significant reduction in the photoluminescence efficiency. While a detailed description of the
properties of these species along with a quantum mechanical explanation can be found elsewhere
[86], [88], we provide additional details specifically on H-aggregates which are consequential in

this work.

Fluorescence in H-aggregates has been shown theoretically and experimentally to be
forbidden if the transition dipoles are parallel [86], [88], [89]. To explain, we recall that a non-zero
transition dipole moment is a requirement for absorption as its square is proportional to the
oscillator strength. When transition dipole moments of neighboring molecules are parallel (pointed
in the same direction), the arrangement results in an overall non-zero transition dipole moment

pointed in the same direction and the associated transition is allowed. This parallel state is higher
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in energy than the monomer due to repulsion from the dipole interaction and is commonly referred
to as the bright state. In contrast to the bright state of the H-aggregate, excitations to the anti-parallel
state are forbidden since the opposing transition dipole moments of neighboring molecules will
produce a net zero transition dipole moment. The anti-parallel state is both lower in energy and is
commonly referred to as the dark state. Because excited states tend to relax in energy very rapidly
following excitation, via internal conversion, an H-aggregate bright state will relax into the dark
state which cannot transition to the ground state by fluorescing may act as a trap since the release
of energy is limited to non-radiative decay. While the lack of fluorescence will be further evaluated
later, the lower energy of the dark state may be damaging to the performance of OPV as it makes
charge separation at the interface less favorable due to a reduced driving force from the LUMO-
LUMO energy gap between the donor and acceptor, a key part in the OPV mechanism.

In the context of this work, we define a dimer H-aggregate (DHA) based on the dipole
interaction between one molecule and its nearest neighbor. The intermolecular spacing and
molecular orientation at which H-aggregate interactions occur is somewhat variable. Zheng et al.
showed how the absorbance spectrum, and corresponding shifts of aggregates, will change based
on proximity and orientation [68]. Further blue shifts and increasing magnitude of H-aggregate
bright state absorbance occurs as the concentration of the interacting molecules increases and the
nearest neighbor distance decreases [68]. Furthermore, since these two molecules are randomly
oriented and may not be perfectly parallel, the absorbance properties are based on a distribution of
all possible angles allowing dipole—dipole interaction. The result is a spectrum that can be clearly
defined theoretically, but with subtle variation experimentally.

1.2.3 Intermolecular Charge Transfer State

When molecules are very tightly packed, creating an overlap of the electron orbitals of
neighboring molecules, it becomes possible for excited electrons to hop onto their nearest neighbor,

forming an intermolecular charge transfer (ICT) state. The result is an excited state where the
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Figure 1.5 — Example absorbance spectra (left) and relative energy levels (right) of the monomer, H-
aggregate bright and dark states, and charge transfer coupled H-aggregate low (HCT-) and high
(HCT+) energy state.

excited electron and hole exist on two separate neighbors. This is like the charge transfer state
previously described as a part of the OPV mechanism, when the electron moves from electron
donor to electron acceptor, leaving behind the hole on the donor. However, the ICT state being
discussed here is on two of the same molecules [90]. We now have two species which become
possible with small intermolecular spacing, a coulombic H-aggregate through dipole interactions
and an intermolecular charge transfer species through orbital overlap. The bright state of the
excitonic H-aggregate, when similar in energy to the ICT state, couples with the neutral charge
transfer state that resides over two closely packed adjacent molecules [86], [90]. Through coupling,
the ICT state borrows oscillator strength from the H-aggregate bright state and quantum mechanical
splitting results in two coupled states. With the borrowed oscillator strength, absorbance transitions
to these two states are allowed, resulting in a “double hump” absorbance spectrum [90], [91], shown
in Figure 1.5. This spectral assignment was confirmed by the essential states model whereby a
Squaraine molecule, later discussed in section 1.4, is described as two electron donating units, the
amine side arms, and a central electron accepting group, the squarylium ring [90], [92]-[96]. The
essential states model goes beyond typical interactions modelled by Kasha’s theory of molecular
aggregates, which focuses on coulombic interactions, to account for the possibility of a charge
transfer nature to transitions. This includes a lower energy state (HCT(-)) than the bright H-

aggregate, and possibly the monomer, that may act as a long-lived trap [90]. The relative energy of
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the two humps in the ICT coupled state (HCT+ and HCT-), the H-aggregate’s dark and bright state,

and the monomer is shown in Figure 1.5.

1.3 Energy Transfer (or Exciton Diffusion)

1.3.1 Theoretical Foundations
Energy transfer is the process by which an excited state (exciton) diffuses through a

material, and it can occur via several possible mechanisms. These transfers occur over very short
timescales and a wide range of distances depending on the mechanism [40], [41], [67]. The first
energy transfer mode is called the ‘trivial’ mechanism and it occurs after actual photon emission
by the energy donor followed by that photon’s reabsorption by the energy acceptor. Since a photon
can be emitted at one point and may travel over a 360-degree solid angle, this mechanism is never
important and is incredibly inefficient. Nevertheless, the efficiency of this mechanism can be
guantified and depends in part on i) donor emission quantum vyield, ii) number of absorbing
acceptors in the photon path, iii) efficiency of acceptor light absorption, and iv) the overlap of donor
emission and acceptor absorption [40]. This overlap, however, remains particularly important for
energy transfer in general. It is often described by the normalized spectral overlap integral,

J = [y HFyMoa(da = [ 1p (#)ea(®)dD 1-5[40], [42]
using the normalized emission spectrum of the donor (I) and the absorption spectrum of the
acceptor described by its extinction coefficient (g4) [40]. From this description, the trivial
mechanism requires a large extinction coefficient for the accepting state (ii) and a high quantum
yield of emission for the excited donor (i). Two other energy transfer mechanisms dominate energy
transfer in general, as it features in various applications.

Forster energy transfer, also known as fluorescence resonance energy transfer (FRET) [61],
involves the transfer of energy via dipole-dipole coupling between the energy donor and acceptor
molecules through a “virtual photon”. The efficiency or rate of the FRET is proportional to the

square of the electrostatic interaction energy (E) between the two interacting dipoles,
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where up, is the transition dipole moment of the donor, p,is the transition dipole moment of the
acceptor, and Rp, is the separation in space between energy donor and acceptor. Often this

proportionality is reinterpreted using a variety of experimental parameters as

9 2
Kent FRET = —128;5’)22:0 RSA] (a) 1-7141], [42]
or
K2kD
kent FrRET = @ _RgA J(ea) 1-8[40]

where ¢p,, is the photoluminescence quantum yield, k2 describes the mutual orientation of the
dipole moments for each species, n is the refractive index of the medium, z, is the intrinsic lifetime
of the exciton, a is a proportionality constant that reflects experimental parameters such as
concentration and refractive index, k3 is the radiative decay rate of the donor, and J(g,) is the
spectral density integral which is similar to the spectral overlap integral except the true
unnormalized value of the extinction coefficient of the acceptor is included in the integration.

Regardless of chosen experimental variables, it is key that the efficiency is once again dependent
on the fluorescence efficiency of the donor in all cases (¢, , k3) and therefore this limits the energy
transfer contribution of H-aggregates.

A final mechanism, Dexter energy transfer, transfers energy between neighboring (or
colliding) molecules via direct electron exchange, a non-radiative process[40]-[42], [60], between

the two molecules through the overlap of their molecular orbitals. The rate of Dexter energy transfer

is described by

(_ZRDA>
0
kEnT,Dexter = K]Je Rba 1-9[40], [41]
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Figure 1.6 — Relative dependence of energy transfer rates on distance between energy donor and
acceptor for the FRET (Dipole-Dipole) and Dexter (Exchange) mechanisms.

where K describes the orbital overlap of neighboring molecules acting as energy donor and energy
acceptor,R, , the separation in space between energy donor and acceptor, R , is the separation of
the two species such that they are in van der Waals contact, and J is the normalized spectral overlap
integral where the area of both the emission spectrum and the extinction coefficient are adjusted to
unity [40]. It is essential to note here our interpretation that the normalized spectral overlap
contribution to this equation is an experimentally determined variable describing the density of
overlapping states in both species [40], [67]. Thus, according to this interpretation, there is no
dependence here on the magnitude of the dipole moment for either the energy donor or acceptor
and therefore a dark species such as an H-aggregate dark state may contribute to energy transfer.
However, Dexter energy transfer is highly dependent on the distance and orientation relationship
between the two molecules, as well as the strength of their electronic coupling. FRET outperforms
the efficiency of Dexter energy transfer for large intermolecular separations as FRET maintains

higher efficiency at longer distances according to

1

kegnt pRET X 76 1-10
DA

compared to the Dexter equivalent of

23



(_ 2RDA>
RO
kEnT,Dexter X e ba 1-11

for which R3S, is typically on the order of a few angstroms. A comparison of the effect these
proportionalities have on the rates of each mechanism is provided in Figure 1.6. Because dark
species may be transferred only by the Dexter mechanism, the energy transfer contributions of dark
states may be inherently limited to hops across short intermolecular separations. [67] While Dexter
and FRET mechanisms are the dominant explanation for energy transfer in OPVs, there are other
proposed mechanisms such as “coherence”[62], [97], although these mechanisms are less

commonly used as an explanation for OPV performance [41], [67], [98], [99].

1.3.2 Energy Transfer Behavior

While theoretical understandings of energy transfer are key in predicting device behaviors,
validation of theories with experimental work confirm understanding. There are two different
characteristics that should be evaluated for any system in the context of improving OPV efficiency:
i) the rate and efficiency of energy transfer and ii) the preferential direction of the process. The
former is largely described by the equations of the previous section along with the expected distance
the exciton may diffuse prior to a spontaneous decay back to the ground state. The latter (ii) is often
described as a somewhat random walk due to the inherent neutrality of excitons not being
influenced by external fields. However, it has been shown that the energy landscape of neighboring

molecules can drive the direction of energy transfer if it is aligned with a particular spatial direction.

Morphology is a macroscopic perspective of the underlying molecular order and disorder,
which causes efficiency losses through reduction in charge mobility and through barriers to energy
transfer. Furthermore, when there is a large range of different packing motifs among a mixture of
molecules, a range of species with different excited state energies will exist. Energetic disorder
within the BHJ of organic photovoltaics has been shown to limit the capability of both charge

transfer [59], [73], [100] and exciton harvesting [43], [59], [101]-[103] due to energy level traps.
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Figure 1.7 — Example structure of a Squaraine molecule.

Movaghar et al. considered the effect of traps on exciton harvesting as early as 1986 [104], with
Athanasopoulos et al. showing theoretically how energetic disorder can reduce the exciton
diffusion length by up to an order of magnitude in disordered polymers when compared to highly
ordered conjugated molecules [101]. As the exciton spontaneously falls to lower energies with each
progressive jump, the probability of finding a new site to hop to falls as the exciton nears the bottom
of the energy distribution [101], [102]. Athanasopoulos et al. showed how disorder tends to reduce
the FF and Jsc [100] even though it may increase BHJ surface area and enhance charge separation
at the BHJ interface for low efficiency devices. [59], [100].

1.4  Squaraines

One material class offering several of the benefits required for eventual OPV
commercialization is the Squaraine(SQ) class; an example structure is provided in Figure 1.7. SQs
are produced by a simple synthetic route, a one-pot two-step synthesis, that makes high yields very
affordable [17], [31], [105]. In addition to having a large intrinsic absorbance, SQ thin films absorb
predominantly in the red and near-infrared wavelengths [31], [84] which aligns with the solar
spectrum. Through modifications of SQ substituents, or R groups shown in Figure 1.7, the blending
properties of SQs can be dramatically altered without substantial changes to their energy levels
[54], [84], [106]. This is extremely powerful for OPV device testing, as it allows for a range of
morphological structures spanning extremely well blended (with PCBM) to highly phase separated
(from PCBM). Through their changing blending properties, poorer mixing tendency drives the
formation of aggregates in select SQs [84], making them an excellent candidate for evaluation of
the energy transfer properties in such aggregates. A final significant, yet unexplored benefit of SQs
is that their molecular structure induces an intramolecular push-pull effect due to the electron
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donating side groups and electron accepting central structure (D-A-D). This is comparable to the
intramolecular push-pull effect of non-fullerene acceptors (NFAs) which tend to have an A-D-A
type structure [58]. NFAs are prized due to improved material interactions with the donor so it
could be hypothesized that similar behavior would occur between SQs and an appropriate
intramolecular push-pull acceptor. The push-pull property of SQs could make them an excellent
donor candidate to combine with similarly structured NFAs leading to a high efficiency cell at a
low overall cost.

One of the most beneficial properties of SQs is that small changes to their structure can produce
dramatic changes to the morphology of pure thin films. To explain, anilinic SQs are shown to
preferentially stack in a slip-stack structure [84], [106] with varying molecular separation
depending on their alkyl chain lengths [84]. These subtle changes to molecular packing structure
dramatically affect the molecular environment and packing density in thin films. Because
Squaraines preferentially pack in a slip-stack structure where the transition dipole moments of
neighboring SQs are side by side, they exhibit H-aggregate characteristics [84], [90]. The formation
of H-aggregates is a consequence of very tightly packed, well-organized, crystalline domains of
SQ. As previously mentioned, H-aggregates are often identified by a blue-shifted broadening of
the absorbance relative to the monomer. While this absorbance broadening and improved
crystallinity should improve OPV performance, the fluorescence properties of H-aggregates may
limit their energy transfer mechanisms. In accordance with theory, fluorescence from SQ H-
aggregates is quantum mechanically forbidden due to a low energy dark state that is not coupled to
the ground state [86], [88]. This lack of fluorescence is expected to limit energy transfer based on
the previously described requirements of the most common EnT mechanisms. Furthermore, the
small intermolecular separation of SQ crystals allows for coupling between the H-aggregate bright
state and an intramolecular charge transfer (ICT) state in sufficiently ordered thin films [90]. Within
the SQ crystal structure, the nitrogen atom of a SQ molecule is shown to be closer to the central
ring of its nearest neighbor (5.21A) than the intramolecular central ring (6.68A) [106].
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Confirmation of charge transfer H-aggregate formation is made by the double hump spectral motif
previously shown in Figure 1.5. Fully aggregated thin films leading to the double hump spectral
motif are further predicted to limit energy transfer as the new species also lacks fluorescence [107].
As such, several works from our group have investigated the effects of SQ phase separation to form
large pure donor domains due to altering alkyl chain length, or by annealing, typically leading to
lower device efficiency [54], [84], [106] though confounding variables, such as domain
enlargement, have prevented conclusive confirmations of limitations to charge transfer H-
aggregates.

The previous paragraph focused primarily on SQs in pure films, though the same properties
apply to blends. Small functional group (molecular structure) changes also have a huge impact on
SQ blending properties with OPV acceptors. These changes to their blending behavior can be used
to produce a wide range of different BHJ morphologies with variation in domain size, purity, and
crystallinity depending on how they interact with acceptors such as PCBM [84]. The difference in
similar SQ blending properties allows the effects of morphology on device performance to be better
isolated and studied. For example, when the R-groups of Figure 1.7 are butyl chains (DBSQ(OH)>),
the SQ has been shown to blend well with PCBM, leading to significant intermixing of donor and
acceptor and minimal formation of isolated pure domains [54], [84]. In contrast, hexyl side chained
SQs (DHSQ(OH),) phase separate almost immediately from PCBM at room temperature leading
to large, pure, separated domains of both the acceptor and the donor [54], [84]. Additionally, further
phase separation of SQs from the acceptor may be induced with thermal annealing [84].

With sufficient phase separation and enhanced packing density, the separation between
neighboring SQs begins to shrink. Because of the previously discussed preferred packing behavior
of SQs, poor blending and phase separation leads to the formation of H-aggregates and ICT coupled
states in the SQ domains. Formation of these H-aggregates, and the eventual ICT coupling, is
expected and has been shown to reduce overall device performance [84]. Specifically, devices
utilizing DBSQ(OH)- consistently outperform those with DHSQ(OH): as the donor [54], [84]. This
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fall in performance of DHSQ(OH). devices correlates with significantly more ICT state coupling
and H-aggregate formation due to phase separation. The question remains, however, as to whether
the H-aggregate and ICT state coupling are the source of decreased performance or if there is some
other explanation such as the increased phase separation.

Recently, Zheng et al. identified energy transfer occurring preferentially from monomers to H-
aggregates very rapidly [68], effectively suggesting these excited states are quickly moving into
traps if these H-aggregates are unable to energy transfer towards the interface. In the same study,
excitons continued to transfer into progressively tighter packed DHAs [68]. However, this study
did not consider the behaviors of the charge transfer coupled H-aggregate on OPV performance
which still requires investigation because theory suggests that these states should have limited
energy transfer contributions. Therefore, it is suggested that this could be a significant opportunity

for further research with notable impact on OPV and energy transfer theory.

1.5 Objectives

Commercialization of OPV necessitates that the efficiency of devices needs to be consistent
for longer and they must be cheaper to produce [108]. As such, the field looks to predict and reach
the intersection between manufacturability, efficiency, and cost [109]. The efficiency, lifetime, and
cost of an OPV device is determined by a number of factors, one of which is the active layer
morphology (or structure) [110]. Itis clear that the morphology of the active layer both immediately
after fabrication and throughout the device’s lifetime is a performance-defining characteristic [79].
Itis, however, the eventual thermal equilibrium morphology which must be optimized to define the
lifetime of a device, yet most research focuses on initial performance, promoting higher
efficiencies, without concern for long-term changes to the morphology which will undoubtedly
alter efficiency. For this reason, accurate control of the morphology in both the kinetically stable
state after fabrication and the thermally stable state after years of operation is a necessary challenge

to consider and overcome. Thus, a primary objective of this work will be to develop improved
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control and evaluation of the active layer morphology and its lifetime through alternative design
strategies.

Because of a changing active layer morphology, the energy landscape of the materials that
make up the active layer fluctuate. The relative packing density and orientation of molecules within
determines the nature of the excited states [86], and in turn the energy transfer properties [41], of
the thin film active layer. A necessary step therefore is to develop an accurate measurement of the
relative populations of different states within an active layer. Through a combination of
spectroscopic techniques, the packing densities of materials and predicted population of these states
within the device may be accurately determined. Because their populations are dependent on the
manufacturing and materials of the device, the previously developed morphology control may be
used to generate a range of different populations. Comparing these identified populations in an
active layer with the associated device efficiency is essential to improved device understanding.
This work therefore further considers how types of excited states, and their ratios correlate with
device performance.

Finally, predicted energy transfer properties of these various energy states are described by
several key works. The foundational knowledge describes how aggregates of small molecules, and
their orientations [86], [88], determine their energy transfer ability [41]. Specifically, it is predicted
that select energy states, namely H-aggregates and ICTs, should be limited in their ability to energy
transfer. The objective is to understand if these theories of energy transfer limitations of dark states
are essential to OPVs. The question is if energy transfer limitations are truly detrimental to the
performance of charge transfer coupled H-aggregates and corresponding devices. This outcome
must be carefully considered since H-aggregates, if capable of significant energy transfer, could be
beneficial for devices later in operational lifetimes. Should this be the case, its impact cannot be
understated both in the impact of the claim on key theories and considerations in OPV fabrication.
Therefore, the third and final objective is an experimental evaluation of key theoretical energy
transfer properties of charge transfer H-aggregates and their influence on device performance.
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2 Chapter 2. Experimental Methods

2.1  Materials, Solutions, and Films
Materials. Aniline based Squaraine(SQ) derivatives, a general structure of which was provided in

Figure 1.7, were utilized throughout the research presented here. Specifically, 2,4-bis[4-(N,N-
dibutylamino)-2,6- dihydroxyphenyl]squaraine (DBSQ(OH),) and 2,4-bis[4-(N,N-dihexylamino)-
2,6-dihydroxyphenyl]squaraine (DHSQ(OH)2), were synthesized in a one-pot, two-step procedure
by Jeremy Cody’s research group at Rochester Institute of Technology (RIT) [111]. The
appropriate secondary amine had been purchased and condensed at reflux with 1,3,5-
trihydroxylbenzene in a toluene/n-butanol (3:1, v/v) mixed solution. The resulting aniline
intermediates were mixed with a half equivalent squaric acid in a second condensation reaction to
produce the Squaraine derivatives, both of which are green solids. Squaraine derivatives have
extinction coefficients over 10° cm™ and band gaps of around 1.6 eV, making them excellent
candidates as electron donors in OPV devices [84], [112]. Within the SQ molecule, the central ring
behaves as an electron acceptor (A) while the outlying anilines act as electron donors (D) to give
the overall molecule zwitterionic character evident in Figure 1.7 [113].

PCs1BM ([6,6]-phenyl C61 butyric acid methyl ester, >99.5%) was purchased from SES
Research and utilized throughout this work as an electron acceptor for OPV devices. MoOs;
(molybdenum trioxide, >99.5%) was purchased from Sigma-Aldrich and used as a hole transport
layer between the Indium Tin oxide (ITO) anode and the active layer in all devices. All materials
were stored in a No-filled glovebox and were used as received. In the context of this work, PCs:BM
is referred to as PCBM to be more concise.

Solutions. All solutions were prepared in chloroform (HPLC Plus, >99.9%), purchased from Sigma
Aldrich, at a fixed combined material concentration of 15 g/L. Where necessary, deviations from
this concentration were made to achieve an appropriate optical density for the UV/Vis
measurement. Deviations, where explicitly stated, were obtained through either an adjustment to

the prepared stock solution or through serial dilution. Solutions used for device fabrication and
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UV/Vis-absorption measurements are defined by the weight percent of each material in the final
blend. To achieve the desired blend ratios, materials are initially weighed as solids and then
dissolved in an appropriate volume of chloroform to achieve desired concentrations. Solutions are
heated to ca. 45°C and are mixed by sonication for 20 minutes to ensure materials fully dissolve.
No significant differences in solution absorbance were observed due to heating, demonstrating that
there is no apparent negative chemical consequence from heating the materials to induce faster
solvation.

Films. All thin films were prepared by spin-coating 60 pL of solution onto a 20 mm x 15 mm glass
substrate, or 120 uL of solution onto a 1 in. x 1 in. glass substrate, at 1500 rpm for 30 seconds with
a vacuum-free Ossila Spin Coater inside of a nitrogen (N2) filled glovebox. Film thicknesses of
around 100 nm were typical, as will be discussed further in chapter 3. When all subsequent film
annealing treatments are described below, this indicates that the process was performed on a digital
hotplate at a set temperature in the same glovebox, with hotplate temperature calibrated at a
consistent location to within £5°C by an Etekcity Lasergrip 1080 Infrared Thermometer. Films
were cooled following annealing and/or spin-coating by placing them onto a cold metal surface.
Complete solvent evaporation was ensured by briefly placing the films under vacuum. Contact
angle measurements completed on neat thin films were performed on a ramé-hart goniometer model

250 with deionized water as the reference liquid.

2.2  Characterization
2.2.1 UV/Vis-Absorbance Spectroscopy

UV/Vis-Absorbance Spectroscopy measurements were completed on a Shimadzu UV-
2401PC spectrophotometer outside of the controlled N, environment of the gloveboxes. Several
hours of uncontrolled air exposure were shown to have no notable impact on the optical properties
of the films. For solutions, measurements were completed using a 1 cm pathlength Starna Cells
quartz vial calibrated for a usable range of 170 to 2700 nm. For all solution measurements, serial

dilutions were performed to achieve absorbance values below 1.5 for all spectral peaks. In solution
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Figure 2.1 - Example absorbance spectra of the monomer, H-aggregate, and intermolecular charge
transfer coupled H-aggregate.

absorbance measurements, SQs appear as a narrow peak at ca. 650 nm. For thin film absorbance
measurements, SQs appear as either an isolated monomer peak (Figure 2.1-Green), a broad peak
with a blue shoulder indicative of H-aggregates (Figure 2.1-Blue), as the double hump motif
indicative of coupling between the H-aggregate and charge transfer state (Figure 2.1-Purple), or as
a combination of the three depending on the extent of aggregation. Extent of aggregation is shown
to be largely influenced by the weight ratio of SQ to PCBM and the temperature, or time, of any
annealing processes. Increases in the PCBM fraction were shown to improve blending and break
up SQ aggregate formation while increases in annealing temperature (time) induced further
aggregation in an otherwise kinetically stable film. PCBM absorbs, in both solution and films,
between the lower limit of our measurements at 300nm up to ca. 525nm with negligible absorbance
at longer wavelengths.

When quantified, the populations of charge-transfer H-aggregate, Dimer H-aggregate, and
monomer in each film were determined using the wavelength dependent, extinction coefficient, a,
in units of cm™, for each species. The absorbance of a film is measured and governed by the
following equation where d is the contributing film thickness, in cm, for each species.

A=oad 2-1
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Figure 2.2 — (a) Atomic Force Microscopy image (90 um x 32.7 um) displaying a lateral interface
between the bare glass slide substrate (dark region) and spin-cast active layer (bright region). (b) Line
profile showing the height of the material and (c) height histogram of the image used to determine the
average height of the active layer relative to the substrate. This data was collected by our collaborator,
Kirsten Burson.

The effective thickness for blended active layers can be measured using an approach described by
Heier et al., [114] who investigated the aggregates of cyanines in mixtures with PCBM. They
measured various populations of both J- and H-aggregates after dissolving away either PCBM or
cyanine, over time. They calculated the amount (in mol) of PCBM or cyanine in their thin original
film samples through film dissolution, UV—vis measurements, and Beer—Lambert theory, as
summarized by

A = ¢cl 2-2
where ¢ is the solution extinction coefficient of DBSQ(OH). or PCBM (dissolved from the film),
with units of L mol™ cm, ¢ is the concentration of the solution, and | is the path length of the
cuvette. We target an approach similar to that of Heier et al. [114] to back calculate the amount of
DBSQ(OH), or PCBM on a given film. Casted films are first measured to determine the thin film
absorbance. After this, films are submerged in a known volume of chloroform to redissolve the
materials off the glass substrate. To ensure full dissolution, solutions with the substrate submerged
are sonicated in the same procedure as described for previous solutions. Resulting solutions are

then adequately diluted for a solution absorbance measurement. Based on the known ¢ of each
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molecule, the concentration of each (PCBM and SQ) in solution is determined and from that the

moles of each molecule on the original film are calculated.

2.2.2 Atomic Force Microscopy
Atomic Force Microscopy (AFM) measurements were completed by the research group of

Kristen Burson in the department of Physics at Hamilton College. For these AFM measurements,
solutions were deposited on glass slides using the previously described procedure. Some material
was removed mechanically, using a fine tipped g-tip or wooden stick dipped in isopropyl alcohol
(IPA) or acetone, creating a clear lateral interface between bare substrate regions and regions with
active layer materials as in Figure 2.2a and b. Film thickness measurements were performed with
an Asylum MFP-3D AFM using Olympus AC160TS-R3 tips with nominal radius r =7 nm, k =26
N/m, and f =300 kHz. Heights were established through a statistical approach using height
histograms, as in Figure 2.2c, from at least 10 high-quality images of the interface from each sample
and considering multiple samples for each ratio of materials in deposited solution. Film areas were

established using the software ImagelJ.

2.2.3 Kelvin Probe Force Microscopy

KPFM measurements were completed by the research group of Tonya S. Coffey in the
department of Physics and Astronomy at Appalachian State University. Thus, scanning probe
microscopy (SPM) measurements were acquired with a Bruker Icon SPM system in Bruker’s
PeakForce Kelvin Probe Force Microscopy (KPFM) mode using Bruker’s PFQNE-AL probes.
These probes have tip radii of roughly 5 nm, spring constants of ~0.8 N/m, and resonant frequencies
of ~300 kHz. PeakForce KPFM combines PeakForce tapping mode with Frequency Modulated
KPFM (FM-KPFM). In PeakForce tapping, the cantilever is oscillated well below its resonant
frequency, tapping the surface at 2 kHz. This slower tapping frequency enables real-time analysis
of the force curve, and the feedback loop is maintained at a peak force of a few picoNewtons on
the photovoltaic samples, preventing damage to the samples and slowing the rate of material
accumulation on the tip.

34



For most KPFM maps, it was only necessary to monitor the changes in the surface potential
difference within a single image to discriminate between acceptor and donor regions. Whenever
we needed to know the work function of the sample, we calibrated our PFQNE-AL probes using a
silicon substrate patterned with gold and aluminum provided by Bruker. Because the work
functions of Al and Au are well-known, we can use the measured potential difference between the
tip and sample to infer the work functions of unknown samples. Bruker’s Analysis software was
used to find the average potential difference between the tip and sample for the regions of aluminum
and gold in each calibration image. This yielded a constant offset which, when applied to KPFM
images, would convert the relative surface potential differences into work functions for each

sample.

2.2.4 Transient Absorption Spectroscopy
Transient Absorption (TA) measurements were completed by the research group of David

W. McCamant in the department of Chemistry at the University of Rochester. For these TA
measurements, a regeneratively amplified titanium: sapphire laser (Spectra-Physics Spitfire) was
used to produce ~150 femtosecond laser pulses at a 1 kHz repetition rate. These pulses seeded a
noncollinear parametric amplifier, which produced pump pulses centered at 550nm or 645 nm with
a bandwidth of around 30 nm [115], [116]. The probe beam was created by focusing the
fundamental 800 nm beam through a sapphire crystal to produce a white light continuum spanning
400—800 nm. A mechanical chopper was used to block every other pump pulse. After passing
through the sample, the probe was dispersed by a grating spectrograph (Acton, 300 mm fl, 150
gr/mm) before reaching the CCD camera (Princeton Instruments, PIXIS 100BR). Before the
sample, the white light spectrum was filtered using a dye solution (NIR800A, QCR Solutions Corp)
to block residual 800 nm light from entering the spectrograph during data collection. The
pump/probe cross-correlation was measured via the optical Kerr effect in a 1 mm glass slide [117]
giving an instrument response of 100 fs or less. TA data were collected at three powers for each
film to evaluate the effects of energy density on kinetics. To prevent photobleaching, the thin films
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were translated rapidly in both the x and y directions via automated stages. Additionally, a
bandwidth of £15nm from the pump wavelength is neglected in all measurements due to detected
pump photons scattered by the film artificially altering the TA signal in that range.

The TA signal was collected at parallel and perpendicular pump polarizations relative to

the probe, to obtain the isotropic signal, A4, o, calculated by

AA+2AA )

AAjso = 3

2-3

where AAyis the signal for parallel polarization and AA,is the signal from perpendicular

polarization. Transient anisotropy traces were also calculated via

AA—AA)

24
AA||+2AAJ_

p(t) =

2.3  Organic Photovoltaic Devices

2.3.1 Fabrication
ITO Patterning. Indium Tin Oxide (ITO) coated glass substrates (1.1 mm thick, 15

ohms/sq., 5 in. x 5 in.) purchased from Visiontek were first cleaned with successive baths in room
temperature acetone, isopropyl alcohol, and deionized water followed by a 5-minute bake to ensure
they were completely dry. Cleaned ITO plates were then transferred to the Semiconductor &
Microsystems Fabrication Laboratory (SMFL) at RIT for photolithography processing. In the
SMFL, ITO plates were first coated with HMDS P-20 in a two-step spin coating process of 500
rpm for 3 seconds followed by 2000 rpm for 45 seconds. Plates were then baked at 120°C for one
minute then allowed to cool to room temperature. Once cool, plates were coated with HPR 504
using the same two step spin coating process followed by a 90 second bake at 120°C, then allowed
to cool once again.

Plates were then covered by a mask and exposed to mercury broadband irradiation,
calibrated to 25 mW/cm?, for 20 seconds. Exposed photoresist was then developed in a CD-26

developer bath for 90 seconds followed by two successive rinses in deionized water before baking
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at 120°C for 90 seconds. Etching of exposed ITO was then completed in a 1:1 solution of deionized
water and hydrochloric acid on a hotplate at 100°C (note that typical etchant temperature was
~45°C) for 10 minutes. Plates were then rinsed in acetone, isopropyl alcohol, and deionized water
and allowed to air dry before being tested with a multimeter to verify etching was complete. Plates
were then cut into 20 mm x15 mm substrates (outsourced to Joe West) for OPV device fabrication.

Device Fabrication. Cut substrates were first cleaned in acetone, isopropanol, and
deionized water under sonication for 20 minutes. Substrates were subsequently subjected to a 20-
minute bake to ensure dryness, followed by a 20-minute UV-ozone treatment in a model 18 UVO-
Cleaner from Jelight. Substrates were then transferred into an N2 glovebox and placed into a hole
transport layer mask and loaded into a COVAP Il thermal evaporator for a 12 nm MoQs3 deposition,
performed at a rate of approximately 0.45 A/s and a base pressure of <1E-6 Torr. Once complete,
previously described active layer solutions were spin-cast onto substrates in the same manner as
films (60uL at 1500rpm for 30 seconds), within the same N environment. Any noted annealing of
devices was completed immediately following the spin-coating process and with the same
procedure as previously described for films. Devices were then transferred back into the thermal
evaporator for a 100nm Al deposition at a rate of approximately 3 A/s and a base pressure of <1E-
6 Torr. This solar cell manufacture process would ultimately lead to a single batch producing 12
substrates (with a minimum of 3 substrates for each solution when different blend ratios were used

in a batch), and each substrate would contain 8 devices, each of area 4.5 mm?,

2.3.2 Device Performance Evaluation
Current Density(J) — Voltage(V) Testing. J-V testing of devices was completed within

24 hours of fabrication in the same N environment used in their fabrication. A 450W Xenon arc
lamp in a Newport 91192 AM1.5 solar simulator illuminated each device with a power density of
100 mW/cm? (calibrated against standard InGaP solar cells fabricated in NASA Glenn Research
Center, Photovoltaics Branch 5410). Calibration was completed each time the system was turned
on and allowed to warm up for 15 minutes. JV curves were produced by a LabVIEW program
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developed in house which generated a voltage sweep from -2 to 2 volts in 0.02-volt steps on a
Keithley 2400 sourcemeter with a four-point probe geometry. All statistical J-V data were
generated based on data for a minimum of 20 devices for each material blend ratio.

Spectral Response. Carrier conversion Quantum Efficiency (QE) measurements were
measured on a spectral response IQE200 system in the NanoPower Research Laboratory (NPRL)
at RIT. Measurements were performed on one of the top four devices for selected blend ratios
within 72 hours of fabrication. A monochromatic beam was formed by passing light generated by
a halogen bulb through a monochromator and a beam chopper. The monochromatic beam was
focused on an individual device with an area of ~1 mm. The device was held in place in a specially
designed box fabricated by Chenyu Zheng, a previous member of our group, in collaboration with
the RIT machine shop. The current produced by the device was sent to a Stanford Research System
570 preamplifier followed by a Stanford Research System 830 Merlin lock-in amplifier set to the
frequency of the beam chopper. The resulting spectral response was obtained using a LabView

program for wavelengths between 300 nm and 900 nm.
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3 Chapter 3. Quantifying and Controlling Aggregate Populations in

Organic Photovoltaics
The efficiency of all-small-molecule organic photovoltaic devices is significantly influenced

by the nature of the excited state and morphology of the active layer. Squaraines are potential active
layer materials for commercialization if their efficiency can be correlated with phase separation,
miscibility, and crystallinity. However, there is currently no standard for defining the exact
fractions of each excited state within the active layer. To address this issue, a self-consistent
framework is proposed to connect the active layer morphology, excited-state populations, and
device efficiency. Thin-film thickness is measured using atomic force microscopy, and the
extinction coefficients of select excited state species are determined. With this information and the
associated spectroscopic absorbance signals, a calibration curve is developed to accurately predict
the fraction of squaraine molecules in each excited state for any device film. The relative
populations of excited state species are determined for squaraine blends with varying amounts of
PCBM. A population interchange between monomers in dilute mixtures, dimers in concentrated
mixtures, and charge-transfer H-aggregates in pure/crystalline regions is identified. Measured
efficiency of devices is shown to correlate with changing species populations. The proposed
framework can be used to accurately determine excited state ratios in all-small-molecule organic

photovoltaic devices, and changing excited-state populations can increase device efficiency.

3.1 Background Literature Review
OPV device efficiency depends on excited-state properties, energy transfer rate, and charge

transport, [103], [118] and all of these depend on the morphology of the active layer materials, [84],
[106] the solid-state packing, [68], [90], [91] and the mixing [54], [119], [120] of electron donor
and acceptor materials within the BHJ active layer. Efficiency is also correlated with processing
techniques [47], [121] since phase separation and morphology within the active layer are
determined by such techniques. For example, as active layers are annealed, the donor and acceptor

materials start to phase separate, and the purified domains start to crystallize. [122], [123] Changes

39



to both crystallinity and domain size for field devices must also be studied to understand their
relative impact on efficiency. There is no current definitive framework for matching small-
molecule donors and acceptors based on miscibility concepts. Furthermore, optimizing efficiency
for donor/acceptor combinations requires tedious studies on the influence of several parameters
such as blend ratio, thermal annealing, solvent additives, and solvent annealing. However, as we
explore squaraine aggregation and active layer mixing, we consider the importance of miscibility,
phase separation, and crystallinity for small-molecule devices.

A large body of work on the effects of processing and morphology already exists for polymer-
based OPV devices [124]. A three-phase morphology has been described as valuable for polymeric
solar cells, [125] combining regions of pure polymer donors, pure acceptors, and amorphous
intermixed donors and acceptors [119]. However, spectroscopic differences in each polymer phase
are subtle and masked. [126] On the other hand, spectroscopic characteristics of small molecules
change substantially with new environments [127] and aggregation. By exploiting the radical
change in spectroscopy of our active layer blend, which depends on the mixing of our donor
DBSQ(OH); and acceptor PCBM, we present a method to quantify species populations. Namely,
the populations of the charge-transfer coupled H-aggregate (HCT), [90] of pure DBSQ(OH):
crystalline domains, the dipole—dipole (dimer) H-aggregate (DHA), [68] of well mixed blends of
DBSQ(OH), with PCBM, and the monomer (M), residing in dilute solid solutions of DBSQ(OH).
in PCBM. We aim to correlate the miscibility of donor/acceptor blends and PCE through a
description of spectral signatures that pertain to each blend morphology. By determining the
relative populations of HCT, DHA, and M, these populations can be correlated with the change in
PCEs for a particular device.

In this work, an additional oversight is addressed within the OPV field that may be solved
through our spectroscopic characterization. Thin film extinction coefficients, « in Equation 2-1,
are rarely provided for OPV materials due to difficulty in nanometer resolution film thickness

measurements. However, once each species is assigned an extinction coefficient, the population of
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Figure 3.1 - (a) Unannealed and (b) annealed DBSQ(OH): films’ absorbance. Percentages represent
targeted DBSQ(OH)2 weight% values, with the remaining percentage made up by PCBM.

each species (HCT, DHA, or M) in a device can be quantified. We posit an approach to quickly
determine the effective thickness of the active layer, independent of the blend ratio once the
extinction coefficients are known and once the absorbance spectrum is measured. Subsequently,
the effect of film thickness on device efficiency can be further studied, given the expectation that
when active layers are too thick the number of charge carriers reaching the electrodes will
drastically decrease [128]-[130] while thin active layers will reduce the photon absorption
efficiency and concomitant current density.

We combine atomic force microscopy (AFM) measurements of the thickness of the film with
an accurate indication of the number of moles of DBSQ(OH), and PCBM for a series of films
where the morphology is controlled through blend ratios and annealing processes. This allows
exploration into the interchange of species from M to DHA to HCT. We use thin-film UV-Vis
spectroscopy to indicate the relative contribution of each species to total film absorbance. We
provide absorption spectra for different species, along with thin film extinction coefficients for M
and HCT. We further use these results to provide insight on the incorporation of DBSQ(OH)>
molecules within mixed PCBM:DBSQ(OH), packing motifs. The determination of relative
contribution of each species to the overall film makeup is then correlated with device efficiency to

begin to interpret the contribution of each species to the performance of OPVs.
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Table 3.1 — Qualitative Assignment of spectroscopic features of Figure 3.1.

DBSQ(OH)2 wt.%
in Sample Unannealed Annealed
10% M M
20% M + Trace-DHA M + Trace-DHA
50% M + DHA DHA + HCT
80% DHA HCT
100% DHA HCT

3.2  Quantifying Aggregate Populations

The absorption spectra of thin films used in this study are shown in Figure 3.1. In general, the
peak at ca. 675 nm is assigned to the M, the feature that dominates at ca. 600 nm is assigned to the
DHA, and the double hump peaks at ~560 and ~640 nm in the annealed samples both belong to
the HCT species. The unannealed films in Figure 3.1a have a gradual shift from a peak at 680 nm
for the 10% DBSQ(OH); film (black) to 679 nm (at 20% DBSQ(OH): (red) and 50% DBSQ(OH).
(green)), to 669 nm (for 80% DBSQ(OH): (blue)), and ultimately to 658 hm (100% DBSQ(OH).
(magenta)). This blue shift represents an increase in the absorbance of the (600 nm) DHA species.
The annealed films in Figure 3.1b show a sharp transition from a single peak at 680 nm (M) for the
10% and 20% DBSQ(OH); films (black and red, respectively) to double hump peaks at 559 and
653 nm for the 50% DBSQ(OH). film (green). Peaks at 561 and 643 nm are seen for the pure
DBSQ(OH), sample (100% squaraine, magenta). The lower energy peak in the annealed 50%
DBSQ(OH), (green) spectrum is broad and of a similar absorbance to the high energy peak,
demonstrating remaining DHA population in this sample, contributing to the overall absorption.
Notable spectral shifts, occurring from 50% to 100% DBSQ(OH); films, further confirm that there
is still DHA present in annealed 50 wt.% films, which has not been fully converted to HCT. All
spectra follow the generalized trends shown in Table 3.1; the monomer gradually gives way to
DHA, which as annealing occurs gives way to HCT as the percentage of squaraine increases. We
first aim to quantify the relative contribution of the HCT state for each film. Despite limitations on
accuracy that will be articulated below, the ideal outcome is a calibration curve of HCT population

as a function of blend ratio for a variety of annealing conditions. We take two distinct
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Figure 3.2 - Predicted percentages of DBSQ(OH)2 molecules in films associated with HCT species
calculated by absorbance curve fitting methods.

approaches to establish the HCT contribution, the results of which are shown in Figure 3.2, and
which will be discussed after the methods used to generate them are introduced. These methods
have different limitations, each of which is discussed in turn.

Introducing the “spectral subtraction” approach, we first subtract the known spectrum for
PCBM from the as-measured spectrum. This is justified since the PCBM absorbs predominantly
outside of the DBSQ(OH)2 absorbance region. We then define the spectrum of the 90°C annealed
100% DBSQ(OH)2 film to be that of the HCT state. However, the 90°C annealed 100%
DBSQ(OH); is not a perfect crystal and is broadened by discontinuities and local morphology
changes, which therefore places a limit on the accuracy of our determination of the HCT
contribution. We subtract this defined HCT spectrum, multiplied by a coefficient that we vary so
as to target an absorbance average of zero for regions in the 480-570 nm range. The resulting
spectra from these subtractions are presented in Figure A8.1. The coefficients used to arrive at
these baselined spectra are divided by the known weight percent of DBSQ(OH). in the sample,
intended to normalize them and provide the “Percent of DBSQ(OH), that is HCT®” for each blend
ratio. Both the coefficient and the normalized %DBSQ(OH) that is HCT are shown in Table

A8.1. The %DBSQ(OH), that is HCT data are plotted (black squares) in Figure A8.2. We note
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that the baseline after subtraction never recovers uniformly to zero due to spectral broadening
depending on molecular environment. The crystal packing, and concomitant absorbance, of an
ideal species is disrupted by local imperfections, PCBM “impurities”, and by smaller domain
sizes. In addition, DHAs are particularly sensitive to molecular orientation, separation distance,
and PCBM mixing as described earlier. To quantify this error, we subtracted our defined HCT
spectrum such that baseline values summed to zero for six different wavelength windows, 550—
570, 540-570, 530-570, 520-560, 500-560, and 480-560 nm. These windows were selected
around the high energy peak of the HCT absorbance while DHA absorbance exists mostly at
longer wavelengths. Absent of HCT and PCBM, we expect a zero baseline to naturally occur in
the range 480-570 nm. Subtraction coefficients for all these cases were then averaged. Larger
wavelength windows demonstrated greater accuracy for smaller DBSQ(OH), weight percent
films while smaller wavelength windows demonstrated greater accuracy for larger DBSQ(OH)2
weight percent films. The uncertainty is a consequence of absorption features that slightly vary
for all of PCBM, HCT, DHA, and M such that perfect deconvolution is not possible. We again
note how the absorbance spectrum will change when the nearest neighbor proximity decreases
with the increased concentration of DBSQ(OH); [68]. The uncertainties are provided in Table
A8.1.

A second “Gaussian fit” approach to quantify HCT contribution is completed by first
fitting all the measured spectra, after PCBM subtraction, to two Gaussian functions. The spectrum
for a sample of pure M, DHA, or HCT could each be fit to two Gaussian peaks such that any
blended sample would be better fit with six Gaussian peaks on a more complete underlying
model. Yet, the objective is to parameterize the spectra with two Gaussians and to prevent
overfitting. Therefore, the fits to two Gaussian peaks effectively provide an appropriate number
of parameters, which describe (i) the peak position, (ii) area under each curve, and (iii) the width
of Gaussian. Tables of the parameters of these fits (all made to a chi-squared value of <1 x 10°°)
are presented in Table A8.2, Table A8.3, and Table A8.4. Given that the ~560 nm peak, when
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present, is solely a result of HCT absorbance, we explore the area of that peak, the data for which
are provided in Table A8.1, labeled “% of DBSQ(OH)2 that is HCT®”. These values are plotted
against wt % DBSQ(OH). in Figure A8.2 for annealed films. However, for the unannealed films
and for low wt. %DBSQ(OH). annealed films, there is no ~560 nm peak so we consider peak
position of the low energy Gaussian fit, given the trends seen in Figure 3.1 for all films. The high
energy (low wavelength) peak positions and low energy (high wavelength) peak positions are
plotted respectively in Figure A8.3.

The low energy peak position in Figure A8.3 is closely scattered around 682 nm from 10%
DBSQ(OH); to 70% DBSQ(OH),. A small but steady linear decrease is observed from 682 nm at
70% DBSQ(OH); to 678 nm at 100% DBSQ(OH): in the unannealed films. A similar trend is
observed for the films annealed at 90°C, from 657 nm at 50% DBSQ(OH), to 651 nm 80%
DBSQ(OH).. Since from Figure 3.1a, the 100% DBSQ(OH); 90°C annealed sample shows a low
energy peak at 643 nm, we expect the peak position to correlate with HCT population. Two
different slopes can be fit to each of these two linear trends. We note that the y axis in Figure A8.3
is the empirically determined peak position and x axis is the blend ratio; Gaussian fitting and
parametrization is simply used here to describe the trends in a quantifiable way. In Figure A8.3 we
demonstrate peak position as a function of blend ratio, but ultimately we desire a measurement of
the contribution of HCT as a function of blend ratio.

To build that calibration curve of predicted percentage of HCT versus blend ratio, we plot
in Figure A8.4 the wavelength of the low energy peak as a function of the percentage of HCT, both
from the spectral subtraction approach and from the peak area parameterization approach. We note
that this empirical description seems well-described by a straight line. We do not explain here the
origins of the linear correlation, but each slope in Figure A8.4 is fit by linear regression and is a
measure of the change in wavelength of the low energy peak per percentage fraction of HCT
contribution. Hence, we can predict the percentage fraction of HCT as a function of weight percent

of DBSQ(OH), for each annealing condition by assessing the absorbance features of the spectrum.
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Figure 3.3 - A plot of the average height of films of various weight percent of DBSQ(OH)2, with PCBM
being the other component in the binary blend. Error bars represent the standard error attained from
multiple measurements from different film regions and distinct samples.

The results are the calibration curves generated in Figure 3.2 (Figure A8.5), based on both the HCT
spectrum subtraction method and the Gaussian peak area parametrization method. We note the
limited data in our measurements, the nature of our approach, and how the percent error of the
predicted percent fraction ranges from 7-28% depending on the method used to determine that
HCT percentage. However, we have developed a guide to obtain reasonable estimates of the
percentage of all DBSQ(OH), molecules that are contained in HCT for a given blend ratio of
DBSQ(OH), and PCBM.

3.3 Extinction Coefficient of the HCT

We further sought to measure the extinction coefficients of each species, which would provide
an indirect measure of the effective thickness and proportion of DBSQ(OH), molecules associated
with each species after a simple absorbance measurement. Here, again, the annealed 100% film
was assumed to yield a fully crystallized HCT [84], [90]. Film thicknesses were measured for each
blend ratio and averaged across multiple measurements to provide appropriate error bars. Results
for annealed samples are presented in Figure 3.3. A measured thickness of 134 + 1 nm of a 100%

DBSQ(OH). annealed film, ducr, therefore yields the extinction coefficient ancr according to
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Equation 2-1, which is plotted as a function of wavelength in Figure 3.4, (magenta) with maxima
of 93,682 and 63,054 cm* at wavelengths 541 and 675 nm, respectively.

With this extinction coefficient, we can now determine the effective thickness associated with
the HCT species for any device. (The effective thicknesses can be derived from the HCT
absorbance contribution using the spectral subtraction method.) Furthermore, since the squaraine
amount (moles) in any film may be determined by dissolving that film, we seek to determine the
average number of squaraines in a single HCT as part of the larger population of HCTs in a blended
film. To address this, we first consider that the oscillator strength must be the same for a single
squaraine independent of whether that squaraine is coupled with a second squaraine (DHA) or a set
of squaraines (HCT) [40], [131]. (This assumption is valid so long as the molecules and aggregates
are isotropic within the film; monomers and DHAs are isotropically arranged and the size of the
“crystals” is considered so small with the sample being essentially a randomly oriented powder-
like material with nanoscopic domains.) We assume equivalence between the integral under the
curve of the extinction coefficient versus frequency (energy) per HCT squaraine molecule, and that
same integral for the single squaraine monomer [132]. In Equation 3-1, we connect the extinction

coefficient and molar absorptivity (from the Beer—Lambert law); we assume an equivalence
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between the extinction coefficient for the monomer and the molar absorptivity multiplied by the

molar concentration of the squaraine species in a (solid) solution, where PCBM is the solvent.

_ XMsq,
fband &cT-HA (eV) - VPC;’;:" fband Smon(eV) 31

Therefore, in Equation 3-1, X is the number of molecules of DBSQ(OH) per HCT species, ng ,,n 1S
the number of moles of monomer in a solid solution (PCBM film) and V., is the volume of the
PCBM host. When the weight percent of DBSQ(OH): is an order of 1 wt.%, its contribution to the
volume of the film is assumed to be negligible. Armed with the number of moles of squaraine in a
1% DBSQ(OH): film, the volume of the film, the thickness of the film, and the absorbance of the
squaraine, the extinction coefficient for the monomer can be determined. Once that extinction
coefficient for a monomer in a solid solution is known, the number of squaraines in a single
aggregate, X, is determined to be 5t1; we fully expand the details of the calculation in the Appendix.
We also include equations to calculate the relative concentrations of each species M, DHA, and
HCT, noting how the total humbers of DBSQ(OH). and PCBM molecules are determined using
simple Beer—Lambert law analysis after redissolving any given films.

We now turn to a discussion of film density and mixing for different blend ratios. After
measuring the thickness and area of each film, the film can be dissolved such that the exact mass
of DBSQ(OH); and PCBM can be known. We note here that the density of PCBM does not change
after annealing, which points to thickness changes for each film upon annealing being attributed to
density changes in DBSQ(OH).. Data for annealed and unannealed films are presented in Figure
A8.6. For annealed films, with film measurements shown in Figure 3.3, the film thickness increases
overall as the DBSQ(OH), weight percent increases and PCBM weight percent decreases. This
trend is expected given PCBM’s higher density. Yet, with low DBSQ(OH). weight percent, we see
a plateau before the thickness rises again beyond 25 wt.%. These data therefore deviate from a
linear tie-line between 0%DBSQ(OH) 2 and 100% DBSQ(OH)2 that we would expect for two

materials with fixed densities. The observed thicknesses are consistent with the incorporation of
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the smaller DBSQ(OH). molecules into PCBM, at blend ratios below 25% by weight of
DBSQ(OH),. The experimentally determined lattice constants for PCBM crystals at 100 K are a
=1.347 nm, b=1.51 nm, and ¢ =1.901 nm with & =90°, £ =106.9°, and y =90° (100 K) with a volume
of 3.709 nm?,[133] even though we recognize that PCBM will actually be found in an amorphous
state in our samples [134]. The experimentally determined DBSQ(OH): lattice constants are a
=0.5169 nm, b =1.0847 nm, and ¢ =1.3538 nm with « = 77.165°, f =79.143°, y =76.324°, a
calculated density of 1.290 g/cm?3, and a volume of 0.7116 nm?® [84]. The smaller volume of
DBSQ(OH), may allow for incorporation into the interstices of the larger PCBM unit cell. This

leads to our interpretation that DBSQ(OH). mixes well with PCBM.

3.4 Correlation of Device Efficiency with Aggregate Populations
A critical goal of this work is to correlate the extent of aggregation with the performance of

DBSQ(OH), photovoltaic devices. Previous work from our group has investigated energy transfer
through distributions of squaraine DHAS at various concentrations [68]. Since energy transfer is
critical for successful operation of BHJ devices, a logical next step is to correlate the nature and
populations of all present excited states and their impact on device efficiency. A range of devices
were made to complement the spectroscopy data in this work.

A plot of average short circuit current density (Jsc) for a given batch of devices as a function
of DBSQ(OH).:PCBM blend ratio is shown in Figure 3.5a. For unannealed films, the greatest
average Jsc comes from devices with around 35% DBSQ(OH),, with all devices below 40%
DBSQ(OH); performing similarly. The average Jsc then progressively drops off as the DBSQ(OH).
weight ratio is increased to 50 and 75%. The Jsc data for the best devices in the sample set are
presented in Figure 3.5b, showing identical trends to the averages. The trends for the average over
all devices mirror those for the best devices, for which the data are provided in Figures 3.5b(Voc),
3.5¢(FF), and 3.5d(PCE). The average open-circuit voltage (Voc), fill factor (FF), and PCE data

are shown in Figure A8.7, Figure A8.8, and Figure A8.9.
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Figure 3.5 - The a) average and b) best short circuit current density, c¢) best fill factor and open circuit
voltage, and d) best power conversion efficiency measured for a series of DBSQ(OH)2:PCBM devices
with varying blend ratio, unannealed in black and annealed in red. 2" order polynomials, where
provided, are displayed solely as a guide to the eye for de-scribed trends; all reported values in the text
are based on actual device measurements.

For unannealed devices, the best device Voc stays more or less constant at about 0.8 V and
a slight increase in the FF from about 0.4 to about 0.45 is observed as the DBSQ(OH), weight
percent increases (Figure 3.5¢). The best device PCEs are those with a blend ratio of about 30—40
wt % DBSQ(OH); for the unannealed devices, which largely follows Jsc, the primary PCE driver.
The dominant influence of Jsc on PCE is further supported by the gradually increasing Voc of the
unannealed devices that still fails to improve a PCE of 75 wt.% DBSQ(OH). devices relative to
lower wt % cases.

For annealed films, we see a slightly different story. We see a peak Jsc at 50 wt.%

DBSQ(OH); in Figure 3.5a, and the average Voc hovers just below 0.6 V (Figure A8.7), some 0.2
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V lower than that of the unannealed devices. The average FF (Figure A8.8) increases from 0.3 at
24 wt.% DBSQ(OH), to 0.37 at 49 wt.% DBSQ(OH). and only rises above 0.4 when wt.%
DBSQ(OH); increases to 75%. However, the combination of Jsc, Voc, and FF leads to a PCE
maximum at 59 wt. % DBSQ(OH). for both the best device and the average of all devices measured,
as shown in Figure 3.5d and Figure A8.9, respectively. The optimal 59 wt.% DBSQ(OH) blend
ratio for annealed films is substantially higher than the 38 wt.% DBSQ(OH) for optimal PCEs in
unannealed DBSQ(OH),:PCBM devices, with Jsc driving the efficiency, throughout. We now turn
to interpretation of device performance in terms of the expected excited-state population
distribution and the perceived mixing of DBSQ(OH), and PCBM.

We start by considering the expected populations of M, DHA, and HCT at each of the peak
efficiencies, at ca. 40 wt.% DBSQ(OH). for unannealed films and ca. 60 wt.% for the 90°C
annealed films. For the 40 wt.% DBSQ(OH)2 unannealed films, we expect 4-13% HCT, from
Figure 3.2, and a small percentage of M. We expect the dimerization of DBSQ(OH); to be
substantial and we expect DBSQ(OH). to be well mixed with PCBM. For the 60% DBSQ(OH).
90°C annealed films, we propose approximately 90% HCT and 10% DHA (Figure 3.2, Table 3.1).
These populations can be interpreted to mean that DBSQ(OH); is largely phase separated, but the
domain size will not be as large as that for a 100% SQ:PCBM annealed film, based on drawing
parallels to domain size studies provided elsewhere. [54], [68], [84], [106]

In unannealed films, the highest efficiencies are measured in DBSQ(OH), concentrations
with high mixing of squaraine and PCBM in addition to a significant number of DHAs. We
recognize from the data shown in Figure 3.2 that the percentage of HCT contribution is on the order
of 4-13%. Therefore, in unannealed films, the efficiency is high when there is a significant amount
of mixing of DBSQ(OH). and PCBM. Yet, as the DBSQ(OH), weight percent increases, the degree
of DBSQ(OH), mixing decreases, along with device efficiency.

Annealing increases the rate of phase separation and drives the formation of HCT in
DBSQ(OH), domains. Phase separation is driven thermodynamically by the enthalpy of interaction

51



between components and the entropy of mixing. Phase separation is also driven kinetically since,
at higher temperatures, mass transfer is likely when heat energy can be distributed in translational
motion. When the DBSQ(OH). concentration is increased such that the SQs are no longer
accommodated in PCBM, the devices perform optimally only when there is substantial evidence
for aggregation and HCT formation, as is the case for our annealed devices with DBSQ(OH):
weight% exceeding 40%. The extensive phase separation achieved in higher weight% devices
combined with thermal energy from annealing is expected to produce large, crystalline domains.
The improved crystallinity and concomitantly mobility likely overcome any potential stifling of

exciton diffusion due to HCT or large domain formation.

3.5  Discussion
At low temperatures, and a low DBSQ(OH), percentage, mixed samples are more likely from

spin-casting where geometry is “frozen-in”. Some mixing will be maintained at subtly higher
temperatures because of the entropy contribution. However, as temperatures increase to enable
mass transport, some phase separation will be likely but may continue to trade off and balance with
the higher entropy of a mixed state. As the blend ratio of DBSQ(OH)- increases, phase separation
will continue to be driven thermodynamically, and an equilibrium phase separation and crystallinity
for a given blend ratio will be achieved more quickly as the temperature of annealing increases.
This work demonstrates how some level of mixing is valuable in select molecular devices, as in the
highest efficiency unannealed films at ca. 40 wt.% DBSQ(OH)., in the same way that it has been
demonstrated to be important for polymer devices. [135]

We also recognize a trade-off between exciton diffusion and charge mobility. In well mixed
samples, the distance required for exciton diffusion to a BHJ interface is short, while the charge
mobility would expectedly be low. On the other hand, when phase separation is substantial then
the charge mobility is expected to be higher, and the efficiency of the device may remain high,
despite larger distances for excitons to travel in order to reach domain boundaries. This is a possible
explanation for the highest efficiency annealed films at ca. 60.wt % DBSQ(OH).. The device data
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we present support the idea that phase separation and crystal packing ultimately help the efficiency
of the device (through short-circuit current) despite the formation of intermolecular charge transfer
coupled H-aggregates for which fluorescence would be quenched [68] and therefore for which
energy transfer and exciton diffusion may be stifled. When we increase the concentration of
DBSQ(OH); such that DBSQ(OH), molecules are no longer accommodated in PCBM, then the
devices only perform well when there is substantial evidence for aggregation, demonstrated by the
spectroscopic signatures of HCT, and calling into question the effects of HCT energy transfer
limitations on device efficiency.

When we infer a mixing of DBSQ(OH), and PCBM with AFM thickness measurements, we
can confirm the importance of morphology as a critical attribute for all materials used in OPV. The
entropy of mixing has a more dominant influence in molecular systems because the molecules have
larger degrees of translational freedom. The enthalpy of mixing is more important as active layer
materials become smaller in size. There is therefore a trade-off between molecules and polymers.
With molecules, the packing properties are more closely associated with the intrinsic properties of
those molecules derived from their functional groups. For polymers, the packing properties are
influenced significantly by the molecular weight and associated restricted translational degrees of
freedom.

3.6  Conclusions

This chapter demonstrates the power of spectroscopy for measuring the relative populations of
species formed by aggregation and molecular mixing, or packing, in BHJ blends. Morphology
measurements are typically based on microscopy or expensive X-ray diffraction techniques and in
either case require substantial expertise in data interpretation and multiple measurements to obtain
an appropriate statistical confidence in the conclusions. UV-vis spectroscopy is found in every
university Chemistry building in the United States, if not the world, and when spectroscopy can be
measured for small molecules like squaraines, for which there is a steady change in spectra with
molecular packing, then these spectra can provide ready information to help understand the
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importance of morphology and mixing on BHJ device efficiency. A second important recognition
and conclusion from this chapter is that there may be two or more high efficiency blend ratios for
a particular active layer combination. Specifically, one of these high efficiency blends is composed
almost entirely of charge transfer H-aggregate of the SQ donor after annealing. Given that all films
will move toward a stable thermodynamic equilibrium morphology after working for long hours in
the field, we strongly recommend that production engineers work toward blend ratios for annealed
films. This work further demonstrates how useful squaraines are for evaluating two or more

different optimal blend ratios.
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4 Chapter 4. Morphology Optimization and Excited State

Disruption with Ternary Blends
Organic photovoltaic (OPV) devices will often degrade substantially with use in the field due

to changes in active layer morphology associated with long-term demixing away from a kinetically
stable pristine device. With Squaraine-Fullerene blends, the formation of H-aggregates will
theoretically induce energy transfer limitations. However, questions remain unanswered about
device implications of H-aggregates and ICT state coupling and concomitant phase separation. To
address this, we consider here the incorporation of two different SQ donors, with different blending
properties along with the PCBM acceptor. These will be combined in a 2 donor, 1 acceptor ternary
blend of two Squaraines in a ternary blend with a fixed quantity of fullerene acceptor to better
control active layer morphology by Squaraine intermixing leading to control over the extent of
aggregation and changing excited state populations. While the two SQs have radically different
behaviors in how they will blend with the acceptor, they also have similar crystal structures which
is predicted to promote excellent blending with each other. The Squaraine which blends well with
PCBM, is therefore hypothesized to be capable of breaking up pure SQ domains by acting as a
surfactant between the poorly mixed Squaraine and the PCBM during casting. Morphological
changes are inferred through absorbance spectroscopy, by known differences between the spectra
of the aggregate and the monomer, and with kelvin probe force microscopy. The secondary
Squaraine is shown to act as a form of surfactant, enhancing mixing between the primary Squaraine
and the fullerene; suggesting that morphology changes opposite of annealing may be accessed
through changing material combinations. Devices made from varying Squaraine-Squaraine-
Fullerene blend ratios are measured for efficiency, thereby providing a measure of the relative
importance of both morphology and H-aggregation on that efficiency. Data reveals that H-
aggregates are not inherently bad for device performance but, rather, it is the co-existence of a
multitude of species which is problematic, reducing power conversion efficiency by upwards of

15%. This raises concern for other OPV devices as the natural annealing of field operation induces
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aggregation, changing morphology, and a similar potential co-existence of incompatible species.
Because OPV devices are expected to undergo significant heating over the course of their operation,
thermal annealing is used to predict long-term implications of morphology changes on device
performance, and further elucidate the effect of aggregates on OPV efficiency.

4.1 Background Literature Review

Bulk heterojunction (BHJ) organic photovoltaics with an optimized stable morphology offer
highly efficient solar cells with a variety of applications [4], [9], [16], [136], [137]. Recent advances
in efficiency leading to values in excess of 18%[138]-[140] are achieved through accurate control
of active layer morphology. Excellent morphology control leads to a balance between the
competing device assets of exciton separation and charge mobility [71], [79], [110]. A morphology
of small well-mixed domains lends itself to efficient exciton separation due to a large BHJ surface
area and a shorter average distance to the interface [141]. Charge mobility, however, is shown to
benefit from large pure domains which often provide longer, uniform diffusion pathways [142].
Striking a balance between these two morphology characteristics is essential to enhancing device
efficiency [110]. Yet, lab-based device optimization in as-produced devices may carry no-value
because the annealing effects of long-term high-temperature field operation will undoubtedly alter
the morphology and molecular packing behaviors. Device morphology, and concomitant

efficiency, must therefore be optimized for the full lifetime of application [12], [143].

Increasing thermal energy from field operation is expected to enhance phase separation within
the active layer of organic photovoltaics [143] when kinetically stable devices are manufactured.
A second consequence of phase separation is a tighter molecular packing order as molecules
aggregate, changing the molecular photophysics [87]. As phase separation and reorganization
occur, new energy levels create variability in the energy landscape the exciton must traverse to

reach the BHJ interface, increasing in the density of traps [59] within the active layer. Increased
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trap density halts the diffusion of nearby excitons to the interface and reduces the probability of

separation.

While thermally stable polymeric materials have dominated as active layer components in
recent years [18], [71], an effective alternative is the utilization of small, highly conjugated
molecules [17], [141], [144], [145]. Small molecules offer potential for simplistic synthesis, with
intrinsic batch to batch consistency at a reduced cost [17], [144]. The initially stable morphology
in spin-cast thin films can vary, however, between otherwise very similar small molecules such as
Squaraines [84]. The length of the squaraine anilinic alkyl sidechains influences both the drive for
short-range packing, [68], [84], [106], [146] and the extent to which the material mixes with the
chosen acceptor, [6, 6]- phenyl-C61-butyric acid methyl ester (PCBM). For example, 2,4-bis[4-
(N,N-dibutylamino)-2,6-dihydroxyphenyl]squaraine (DBSQ(OH);) blends well with PCBM,
leading to smaller domains, with limited dimer H-aggregate (DHA) formation, and higher average
device efficiency [68], [84], [146]. In contrast, when blended with PCBM, 2,4-bis[4-(N,N-
dihexylamino)-2,6-dihydroxyphenyl]squaraine (DHSQ(OH).) promotes larger, pure Squaraine
domains with tight packing that prompts coupling between the DHA and the charge transfer species
(HCT) [84], [106]. Rapid phase separation of DHSQ(OH), from PCBM during spin-casting leads
to aggregate formation, larger domains, and correlates with lower device efficiency [84]. Despite
the extensive analysis of both Squaraines, questions remain as to whether the nature of the excited
state (HCT, DHA, and monomers) or domain size differences is the primary cause for the difference
in performance for devices made from each of the two Squaraines [68], [146]. We therefore look
to further explore the impact of DHAs, HCTSs, and domain size on device performance through

ternary blends of PCBM, DBSQ(OH)., and DHSQ(OH)..

Excellent mixing between DBSQ(OH), and DHSQ(OH). is predicted as both molecules are
from the same family and have similar molecular weights. A tightly packed morphology when

mixed is expected based on their similar crystal dimensions and preferred slip-stack packing [84].
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Films made to include a second Squaraine (DBSQ(OH).) that mixes well with the first
(DHSQ(OH)2) should reduce populations of pure DBSQ(OH), or pure DHSQ(OH). H-aggregate
excited states. Additionally, because DBSQ(OH), also mixes well with PCBM, it may act as a
surfactant between DHSQ(OH). and PCBM, enhancing blending and producing smaller domains
than for otherwise binary DHSQ(OH).:PCBM films. Hence, through changing the ratio of the two
Squaraines in a ternary blend device, we explore the relative importance of the excited state and
domain size through a continuum of morphologies. We utilize a ternary blend with a fixed ratio of
the PCBM electron acceptor while varying the relative ratios of DBSQ(OH), and DHSQ(OH); in

the fixed fraction of Squaraine electron donor.

Incorporation of any third material to form a ternary blend organic photovoltaic can have a
dramatic impact on cell properties, specifically on the morphology of the active layer [147]. The
introduction of a third active layer material to form a ternary blend, while altering things like
absorbance, charge pathways, and favorable exciton diffusion behaviors [148], [149], also alters
the mixing of the active layer, having solvent additive like characteristics [35]. Several groups have
shown how small molecule incorporation with polymeric donors in a ternary blend can drastically
influence device morphology and performance [55], [150], [151]. For example, Zhang et al.
identified how the combination of two miscible donors, a small molecule and polymer, formed an
alloy with a beneficial morphology by purification and enhanced crystallinity of the donor domains
leading to higher hole mobility and overall better device efficiency [152]. Additionally, Liang et
al. used a polymeric donor as an additive at 4 wt% leading to a small increase in efficiency, for
which a key explanation was the ability of the miscible polymer to reduce domain size and improve
phase continuity within the BHJ, acting as a binder of the donor and acceptor at the interface. [153]
However, research is much more limited for all-small-molecule (ASM) ternary blends and
morphological effects. Tang et al. showed how an ASM ternary blend with two donors of similar

chemical structure and different crystalline behavior could increase performance by enhancing
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absorption, suppressing recombination, and optimizing morphology for charge mobility and
extraction [141]. They identify exciton dissociation efficiency enhancements of less than 2%,
attributed to smaller aggregated domains [141]. More recently, Hu et al. and Wang et al. both
produced ASM ternary blends composed of one donor and two acceptors resulting in enhanced
performance through improved charge carrier behavior, and morphology regulation leading to
reduced domain size [145], [154]. However, these few studies do not consider the effects of H-
aggregates on energy transfer and device performance, instead focusing solely on domain size. We
therefore tackle here the question of how H-aggregate population and domain size together
influence energy transfer and device performance in ASM devices. We claim that phase separation
which happens over time at device operating temperatures will lead to shifting intermolecular
interactions and changing excited state energies. We ultimately make the case that commercial
success in organic photovoltaic must account for how well active layer materials mix and the final
morphology at thermal equilibrium.

4.2 Ternary Blends for Morphology and Population Control

Absorption spectra for each of DBSQ(OH), and DHSQ(OH), are shown respectively in Figure
4.1a and Figure 4.1b, i) in chloroform solution (indicating the typical monomer absorbance
spectrum of these Squaraines), ii) as spin cast films, and iii) in binary thin film mixtures with
PCBM. The broadening for all film spectra relative to solution spectra is typical of these materials
as shown in our previous work [84]. The absorbance spectrum of the neat DHSQ(OH), film in
Figure 4.1b shows two broad peaks at 559 nm and 660 nm while that of DBSQ(OH); in Figure 4.1a
is a single broadened peak at 657 nm with a high energy shoulder. The clearly apparent double
hump spectral motif of DHSQ(OH), neat films in Figure 4.1b has previously been attributed to
HCT formation and is a consequence of tightly packed face-to-face oriented molecules in the
crystal structure [90], [106]. On the other hand, the single broadened peak and high energy shoulder
of DBSQ(OH): indicates the presence of DHAs with a large variation in packing densities and
without sufficient density for Intermolecular Charge Transfer state coupling [84]. After annealing,
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Figure 4.1 - Normalized absorbance spectra of a)DBSQ(OH)2 and b)DHSQ(OH):2 in solution, a neat
thin film, and a 1:1 blend film with PCBM. ¢) and d) compare the normalized annealed absorption
spectra of DBSQ(OH)2 and DHSQ(OH): in a c) neat film and d) a 1:1 blend with PCBM. Unnormalized
film absorption spectra may be found in the appendix in Figure A8.10.

the spectra of both neat films in Figure 4.1c demonstrate double hump motifs corresponding to

HCTs, induced by reorientation, and increased molecular density.

For PCBM film blends, absorbance spectra for both DBSQ(OH), and DHSQ(OH), show slight
changes to peak position and intensity compared to those of their neat films (Figure 4.1a and b).
Specifically, the low energy peak of the DBSQ(OH),:PCBM blend is red shifted to 676 nm and the
high energy shoulder has lower intensity. This suggests DBSQ(OH). tends to blend well with
PCBM,; the narrower peak and reduced high energy shoulder intensity indicate greater Squaraine
separation consistent with homogeneous mixing in the PCBM, with therefore less DHA and more

isolated monomer species [68]. In contrast, the DHSQ(OH).:PCBM blended thin film shows peak
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Figure 4.2 - a) Normalized absorbance spectra of a binary blend of both Squaraine donors compared
to individual neat films of each Squaraine molecule. b) Normalized absorbance of unannealed ternary
blend films with changing DBSQ(OH).: DHSQ(OH)2 weight ratio in the donor component while the
donor:acceptor ratio is constant at 1:1. Unnormalized film absorption spectra may be found in the
appendix in Figure A8.11.

separation, with peaks now located at 556 nm and 664 nm. This is an indication of increased HCT
population and increased domain size due to phase separation and poor mixing with PCBM [84],
[106]. These inferences are further supported by contact angle studies for water deposited onto neat
thin films. The PCBM contact angle of 81.23+0.60° is much closer to that of DBSQ(OH):
(87.57+1.26°) than to that of DHSQ(OH), (92.83+1.06%). This confirms that the surface energy of
DBSQ(OH)2 compares relatively well to PCBM and is consistent with better mixing for this pair
than for DHSQ(OH)2 and PCBM pairing. Nevertheless, with annealing in Figure 4.1d, the double
hump motif in the DBSQ(OH),:PCBM film spectrum demonstrates how phase separation of
DBSQ(OH)2 films can be induced thermally. This thermally induced phase separation produces a
transition in species from monomer and DHA to HCT, until finally HCT dominates as indicated by
the double hump. In contrast, since there is minimal change to the DHSQ(OH)2:PCBM upon
annealing, it is clear that the phase separation, increased packing density and HCT formation is
initiated for DHSQ(OH). during spin-casting [106]. We now consider the ability of these

Squaraines to mix with one-another, allowing DBSQ(OH). to break up the packing of DHSQ(OH),
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limiting HCT formation, and to act as a surfactant between DHSQ(OH), and PCBM to improve

blending.

In Figure 4.23a, a 1:1 binary blend of the two Squaraines is shown to have similar absorbance
to that of the pure DBSQ(OH): film with an absence of the double hump motif that would otherwise
indicate HCT formation. Thus, introduction of DBSQ(OH); effectively prevents HCT formation in
DHSQ(OH).. Absorption spectra of unannealed ternary blends with a constant Squaraine:PCBM
ratio and varying ratio of DBSQ(OH), to DHSQ(OH): are provided in Figure 4.2b. As the fraction
of DBSQ(OH): is decreased from 100% to 65%, there is very little change save for a blue shift in
the peak from 678 nm to 667 nm. We infer that extensive HCT formation is prevented for 100%-
65% DBSQ(OH). blends, but some additional DHA is formed as the blend approaches 65%
DBSQ(OH),, based on that slight blue shift [146]. From 50% to 0% DBSQ(OH)-, a separated high
energy peak forms at approximately 556 nm. This second high energy peak grows in intensity as
the DBSQ(OH); fraction decreases from 50% to 0%, representing the formation of HCT, with its
double hump signature. The significant HCT formation results from higher crystallinity and greater
phase separation as the DBSQ(OH), falls below 50% of the Squaraine component. We note,
however, that even small amounts of DBSQ(OH), (10% DBSQ(OH),) still reduce the intensity of
the high energy peak and prevent some HCT formation. These data in Figure 3b demonstrate a
continuum, with a mix of higher DHA concentrations (and lower HCT concentrations) at 65%
DBSQ(OH), to a mix with higher HCT concentrations (and lower DHA concentrations) at 0%

DBSQ(OH)..

To gain insight into the phase separation within the active layers of our ternary blends,
including domain size and purity, representative films were studied using KPFM. We define a
domain here as a region demonstrating contrast in KPFM, representing a section of the film that is
chemically different and heterogeneously separated from surrounding regions. KPFM images, 300

nm and 1-micron, are shown in Figure 4.3 for several ternary blend ratios. Within these images,
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Figure 4.3 - KPFM images ternary blends in (a)-(e) 300 nm and (f)-(j)1-micron sizes. Values provided
at top of figure denote relative weight fractions of DBSQ(OH)2: DHSQ(OH)2: PCBM. Note that all
figures in each row utilize the same provided potential scale on the right.

separate dark and bright regions represent phase separation of Squaraine donors from the PCBM
acceptor. Additionally, we attribute increased contrast between dark and bright regions to domain
purification. A binary blend of DHSQ(OH), and PCBM (0% DBSQ(OH),) is shown in Figure 4.3a
and f. Significant phase separation is apparent with excellent contrast between large, pure regions
of donor and acceptor. In the 80% DHSQ(OH)- blend (Figure 4.3b and g), domains are notably
smaller with less contrast, but still remain largely intact. In the 50% DHSQ(OH). blend, shown in
Figure 4.3c and h, domain size and contrast is further reduced as DHSQ(OH); is replaced by
DBSQ(OH),. Finally, with significant decrease in the DHSQ(OH). fraction of the donor
component, to 20% (Figure 4.3d and i) and 0% (Figure 4.3e and j), excellent blending is observed,

with little to no indication of separated domain formation.

In summary, KPFM data shows decreasing domain size and contrast as the relative weight
percent of DBSQ(OH), increases from 0% (Figure 4.3a) to 100% (Figure 4.3e) of the total
Squaraine content. This illustrates markedly reduced phase separation and occurs alongside the
spectroscopic assignments of Figure 4.2b, where increasing amounts of DBSQ(OH). in a
DHSQ(OH),:PCBM film show reduced double hump structure and reduced Intermolecular Charge
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Table 4.1 — Tabulated device performance parameters for ternary blend ratios. For all blends, the
PCBM acceptor is 50% of the total mass, the remaining mass is split between the two Squaraine
donors. Error values represent one standard deviation from the mean of all tested devices for the
specified blend ratio.

%DBSQ(OH),  Js (MA/cm?) Voe (V) FF (%) PCE (%)

100% 7.16 +0.19 0.84 + 0.01 47.79 £2.17% 2.89 +0.17%
90% 7.22+0.26 0.83 +0.03 47.64 £ 2.24% 2.85 +0.23%
80% 6.76 % 0.30 0.85 + 0.01 50.84 + 2.31% 2.92 +0.22%
65% 6.33+0.15 0.83 + 0.02 45.39 + 4.09% 2.52 +0.25%
50% 5.81+0.24 0.85 + 0.02 46.64 + 2.14% 2.30 +0.16%
35% 5.64 % 0.33 0.81 +0.02 44.43 £ 2.60% 2.03 +0.14%
20% 5.68 + 0.16 0.81 +0.02 44.19 + 2.83% 2.03 +0.18%
10% 6.40 + 0.32 0.83 + 0.02 44.74 + 1.66% 2.36 +0.12%

0% 6.29 + 0.38 0.83 + 0.02 46.16 + 2.30% 2.40 +0.20%

Transfer state coupling. DBSQ(OH). therefore acts as a surfactant to not only break apart

DHSQ(OH). aggregation, but also encourage blending with the PCBM acceptor.

4.3  Device Efficiency Characteristics
Ternary blend device performance data are provided in Table 4.1 for a range of blend ratios

with a fixed Squaraine:PCBM weight ratio of 1:1. In the range of all ternary blends in Table 4.1,
we claim there to be no statistically significant trends or differences in either the open-circuit
voltage (Vo) or the fill factor (FF) across device blends. The consistent V. is expected as it depends
predominantly on the lowest unoccupied molecular orbital of the PCBM and the highest occupied
molecular orbital of the Squaraine donors, neither of which are expected to change significantly
[38]. We remind the reader at this point that device efficiencies are modest but that the primary
scope of this work is to explore the effects of H-aggregation and active-layer mixing for comparable
devices, made with 50% PCBM throughout, such that we could controllably modify a small number

of experimental variables.

Short circuit current density (Jsc) and power conversion efficiency (PCE) are plotted in Figure
4.4 as a function of DBSQ(OH); fraction of total Squaraine mass in the devices. We first note that

binary DHSQ(OH).:PCBM devices had a consistently lower PCE (2.40%) than
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Figure 4.4 - Plot of short-circuit current density and power conversion efficiency averages across all
devices and the single best device. Solid lines represent weighted averages in the electrical properties
between the two binary blends. Error bars represent one standard deviation from the mean of all tested
devices for the specified blend ratio.

DBSQ(OH)2:PCBM devices (2.89%), agreeing with our previous work [84]. Below 20% and above
65% DBSQ(OH); fractions, in Figure 4.4, the average Jsc and PCE measurements align well with
the “tie lines”, which are simply straight lines connecting the efficiencies of the respective
DHSQ(OH).:PCBM and DBSQ(OH).:PCBM binary devices. However, for DBSQ(OH); fractions
between 20% and 65%, the average and best-in-set Jsc and PCE measurements all fall significantly
below those tie lines, with average PCE falling as low as 2.03% for 20% and 35% DBSQ(OH);
devices. By considering Jsc and PCE measurements, we begin to explore the impacts on device
performance of the i) phase separation/domain enlargement and ii) H-aggregate formation

described above.

Significant phase separation (domain enlargement) has historically been associated with a
loss of performance given that excitons would need to travel over longer diffusion lengths in order
to enable the required electron transfer at the BHJ interface [110]. The device data of Table 4.1
shows high PCEs of 2.89%, 2.85%, and 2.92% for 100%, 90%, and 80% DBSQ(OH). devices,

respectively. We recall that these films show no significant phase separation in KPFM images

65



(Figure 4.3i and j). For the remaining blends, 0%-65% DBSQ(OH)., where phase separation was
more observable in the KPFM images (Figure 4.3f-h), the average PCE never exceeds 2.52% and
is as low as 2.03%. While a quantitative evaluation of the impact of phase separation is not provided
here, these trends are certainly consistent with literature expectations; increasing phase separation
and larger domains lead to lower device efficiency and provide some explanation for the typically
lower performance of DHSQ(OH). devices. However, phase separation alone fails to explain the
further loss in performance of 20%-65% DBSQ(OH). blends, identified by the dip below the tie
lines of Figure 5. To illustrate, there is clear evidence of further phase separation moving from the
20% to the 0% DBSQ(OH); blend, (Figure 4.3f and g). However, the 0% DBSQ(OH), devices have
an average PCE of 2.40%, much higher than the 2.03% average PCE of the 20% DBSQ(OH).
device, and significantly outside the error bars. Therefore, some characteristic other than phase

separation must cause the dip below the tie lines of Figure 4.4.

The poor performance of the ternary blends in the 20% - 65% DBSQ(OH), range is now
investigated in the context of the mixture continuum between DHA and HCT apparent from the
absorbance spectra shown in Figure 4.2. For 0% and 10% DBSQ(OH): films, the pronounced
double hump indicates a predominance of HCT. For fractions of DBSQ(OH): increasing beyond
10%, the high energy peak of the double hump decreases in size, indicating gradual reduction in
HCT until only DHA and monomer remain for films of 65% DBSQ(OH), or more. It is during this
same range of increase in DBSQ(OH). weight percent (from 10% to 65%) that the identified dip
below the PCE tie line occurs. A limitation in energy transfer across phase separated regions of
HCT and DHA cannot be the main cause for efficiency loss since 0% and 10% DBSQ(OH), devices
retain higher efficiencies, and the phase separation and HCT populations are maximized in these
devices. With this in mind, we further rationalize that previously discussed HCT and DHA species
do not inherently restrict energy transfer as might be predicted from Forster energy transfer theory

[40], [68], [88], [98]. Moreover, these data suggest that device efficiency may suffer as these HCT
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Figure 4.5 — (a) Calculated maximum theoretical current density of unannealed ternary blend devices
based on overlap integral of thin film absorbance and AM1.5 solar spectrum. (b) Internal Quantum
efficiency spectra of ternary blends and ¢) Internal Quantum efficiency values at specified wavelengths
from full spectra.

and DHA species are more evenly distributed among a large diversity of other blended states. In
other words, we hypothesize that the device efficiency drops because the distribution of states

broadens to include a larger range of energies, with many different packing motifs.

To validate this conclusion, we must look to and invalidate alternative explanations. Js is
known to fluctuate with absorbance properties and the probability of carrier collection after exciton
generation. The unnormalized absorbance spectra of the ternary blends provided in the appendix in
Figure A8.11b indicates notable changes in the absorbance properties of these films. Changes to
the absorption spectra will alter the overlap with available light in the solar spectrum and may

provide an increase (or decrease) in the predicted number of absorbed photons. To explore this
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possibility, we calculated the theoretical maximum current density for these devices based on the

overlap of the absorbance spectrum of each film with the AML1.5 solar spectrum in
Jscmax = —4 f %Abs(/l)(prl'sdl 4-1

where q is the elementary charge constant, %Abs(A) is the percentage of incident light predicted
to be absorbed at a given wavelength based on the raw absorbance spectra [Figure A8.11b] and
M3 s the AML.5 solar spectrum in units of photons*m2nm-*. We note here that this calculation
is like calculating maximum Js. by external quantum efficiency, assuming that internal quantum
efficiency is unity at all wavelengths. These theoretical maxima based on the measured absorption
data are presented in Figure 4.5a. An increase in Jscmax IS predicted between 0% and 65%
DBSQ(OH),, above the simple weighted average tie line. Therefore, if all absorbed photons were
collected, we would expect a significant Js. increase for the 20%-50% DBSQ(OH)2 devices

whereas we observe a reduction. Therefore, the change in absorption spectra of these films is not

the cause of device performance reduction.

To investigate further, internal quantum efficiency (IQE) spectra were measured for each
donor blend ratio (Figure 4.5b) with IQE values reported at 400 nm, 550 nm, and 676 nm in Figure
4.5¢c. Given that only PCBM absorbs at 400 nm, the IQE for excitons generated only in PCBM can
therefore be determined and is presented at the top of Figure 6b. The IQE at 400 nm varies randomly
around an average IQE of 33%+2%. This provides a measure of the consistency across all our
devices and strongly suggests PCBM behavior does not dramatically influence fluctuations in

device performance.

The IQE data measured at 550 nm and 676 nm, the middle and bottom of Figure 4.5¢
respectively, correspond to each of the two double hump absorbance peaks for Squaraines in a
ternary blend, with absorbance peaks occurring at 556 nm and 667-678 nm in Figure 4.2b. The IQE

at 550 nm is found to average 36%=2% for devices with either less than 20% DBSQ(OH), or more
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than 65% DBSQ(OH)2. However, those devices with a DBSQ(OH). percent between 20% and
65% have lower IQE values at 550 nm, averaging 28%z=1%, well below the PCBM average. The
data in Figure 4.5c show a similar trend with device IQE at 676 nm averaging 40%+2% with either
below 20% DBSQ(OH), or above 65% DBSQ(OH),; the remaining devices between 20%
DBSQ(OH); and 65% DBSQ(OH), have much lower average 1QEs of 32%+1%. The lower 550
nm/676 nm IQEs occur in the same 20%-65% DBSQ(OH). devices for which there was a clear
reduction in PCE and a steady change in population of HCT and DHA as evidenced by the

absorbance spectra.

The higher IQE values, at both 550 nm and 676 nm, for devices of less than 20%
DBSQ(OH),, where HCT dominates, are inconsistent with previous theories based on Forster
energy transfer theories [40], [68], [88], [98]., which predict significantly lower energy transfer in
HCTs and therefore lower quantum efficiencies. Furthermore, the IQE data at both 550 nm and 676
nm for devices with more than 65% DBSQ(OH), are comparable with the efficiencies at <20%
DBSQ(OH),. Therefore, we now frame the discussion again to consider that the PCE seems driven
downwards by a broader range of DHA and HCT species combined, but not by a singular, narrow
population of DHA nor by a narrow population of HCT. For devices where HCT and DHA coexist
within the active layer, IQE is driven downwards by upwards of 8% for both the DHA and HCT
species. We posit that this is a consequence of energy traps. Neighboring species, when excited,
will naturally funnel their excited states into any lower energy levels in the surrounding species.
Namely, excitations on the DHA species will fall into the lower energy levels of HCTs which are
then unable to escape to the higher DHA energy levels. The result is the trapping of excitons and

concomitant loss of efficiency in devices where these two species coexist.
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Figure 4.6 — a) Normalized absorbance of annealed ternary blend films with changing DBSQ(OH).:
DHSQ(OH)2 weight ratio in the donor component while the donor:acceptor ratio is constant at 1:1.
Annealing parameters were 5 minutes at 90°C. Unnormalized film absorption spectra may be found
in the appendix in Figure A8.12. b) Peak positions of the double hump spectral motif with increasing
DBSQ(OH)2 weight fraction.

4.4  Focused Evaluation of Device Efficiency with HCT Formation
Increasing the fraction of DHSQ(OH), in the total SQ contribution produced domain

enlargement in Figure 4.3 and increased HCT formation based on the absorbance data of Figure
4.2b. We propose that by annealing the previous set of ternary blend devices at a lower temperature,
we may limit further domain enlargement by preventing significant mass transfer but still provide
sufficient energy for localized aggregation in already formed Squaraine domains of the kinetically
stable morphology. Thus, through annealing at 90°C for 5 minutes, we can focus on the energy
transfer limitations of HCT formation, without domain enlargement which is known to limit energy
transfer efficiency. By annealing at low temperatures, we move the morphology away from the

kinetically stable state of each material ratio towards a more thermally stable state.

Absorbance data for the previously unannealed ternary blends (Figure 4.2b), now after
annealing at 90°C for 5 minutes, is provided in Figure 4.6a. All films demonstrate the double hump
motif characteristic of HCTs with only subtle variation in peak position and broadness. As the
DBSQ(OH); fraction is increased from 0% to 50%, the entire spectrum has a 5nm red shift (high
energy: 552—557nm, low energy 662— 667nm) from the 0% sample to the 50% sample. At the

same time, the height ratio of the high energy peak to low energy peak decreases. With further
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Figure 4.7 - KPFM images ternary blends (a)-(e) annealed at 90°C for 5 minutes and (f)-(j)unannealed.
Values provided at top of figure denote relative weight fractions of DBSQ(OH)2: DHSQ(OH).: PCBM.
Note that all figures in each row utilize the same provided potential scale on the right.

increase in the DBSQ(OH), fraction from 50% to 100% of the SQ contribution, the peaks move
closer together and the low energy peak shows significant broadening into shorter wavelengths.
Lastly, as shown in the unnormalized annealed absorbance spectra of Figure A8.12, the increase
in DBSQ(OH) fraction produces an increase in the overall absorbance like what was observed

when changing the DBSQ(OH),:DHSQ(OH); ratio for the unannealed films (Figure A8.11b).

In addition to the positions of the individual peaks for each annealed ternary blend spectrum of
Figure 4.6a, we may also consider the splitting for identifying HCT absorbance contribution.
Recalling the absorbance of neat single squaraine annealed films, annealed DBSQ(OH), was shown
in Figure 4.1c to have a greater peak splitting (544nm and 675nm) than that of the annealed
DHSQ(OH); film in the same figure (560nm and 660nm). Yet an increase in DBSQ(OH): fraction
in our annealed ternary blends of Figure 4.6 produces narrower splitting between peak positions,
Figure 4.6b. The reduced splitting (compared to films with no PCBM) as DBSQ(OH). fraction is
increased to 100% suggests a decrease in the average intermolecular separation of SQs in HCTs
[90] along with less DBSQ(OH), HCT formation in a blended film in comparison to a neat film.

Furthermore, the red-shift and relative loss in height of the high energy peak when increasing the
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Table 4.2 — Tabulated device performance parameters for annealed ternary blend ratios. For all
blends, the PCBM acceptor is 50% of the total mass, the remaining mass is split between the two
Squaraine donors. Error values represent one standard deviation from the average of all tested devices
for the specified blend ratio. PCE averages for annealed blends that are greater than one standard
deviation above the average PCE of the unannealed are bolded in green. PCE averages for annealed
blends that are less than one standard deviation below the PCE of the unannealed are bolded in red.

%DBSQ(OH), Jsc (MA/cm?) Voc (V) FF (%) PCE (%)
100% 8.56 + 0.48 0.73+£0.04 45.00 £5.13% 2.84 £0.43%
90% 8.51+£0.38 0.76 £0.02 51.50 £ 2.57% 3.35 £0.28%
80% 7.09 £0.23 0.79 £0.02 54.84 £ 4.73% 3.08 £0.36%
65% 5.79+0.14 0.77 +£0.02 49.75 + 2.44% 2.21 +0.11%
50% 6.40 £ 0.41 0.75+£0.08 50.52 £ 5.51% 2.46 £0.47%
35% 7.19+0.32 0.79+0.02 50.60 + 1.85% 2.86 £0.21%
20% 6.47 £0.40 0.78 £ 0.02 49.27 £ 3.31% 2.51 £0.32%
10% 6.48 £ 0.40 0.79+0.02 50.26 + 2.22% 2.59 +0.21%

0% 5.66 £ 0.63 0.80 £0.03 47.61 + 4.84% 2.28 £0.35%

DBSQ(OH), fraction indicates a reduced HCT contribution to the overall absorption. This is
consistent with a simultaneous spectral broadening of the low energy peak (towards lower
wavelengths), which suggests an increase in the presence of DHA. So, while all of the annealed
films of Figure 4.6 show double hump character of HCT formation, it is clear that the incorporation
of DBSQ(OH)2 leads to less HCT contribution and increased DHA formation. In summary, for
annealed films, adding DBSQ(OH), to DHSQ(OH): increases the relative amount of DHA relative

to HCT and this effect is more pronounced in the presence of PCBM.

KPFM images of ternary blended films with a gradual change in the percentage of DBSQ(OH)2
in the (50%) squaraine portion, before and after annealing, are presented in Figure 4.7. We note
here that KPFM images of the unannealed films of Figure 4.7 are the same as those shown in Figure
4.3. For all ratios, except the binary blend of DBSQ(OH).:PCBM (Figure 4.7e and j), there is no
clear increase in the domain size with low temperature annealing (90°C for 5 minutes, Figure 4.7a-
d and f-i). However, the annealed binary blend of DBSQ(OH),:PCBM (Figure 4.7¢) shows some
domain enlargement in comparison to its unannealed state (Figure 4.7j), although it is still less than

what is observed in the unannealed DHSQ(OH).:PCBM film (Figure 4.7f).
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Annealed ternary blend device data is provided in Table 4.2. In the table, PCE averages for
annealed blends that are at least one standard deviation greater than the average PCE of the
unannealed blend (Table 4.1) are bolded in green, while those which are less than one standard
deviation lower than average PCE of the unannealed blend are bolded in red. Five of the nine
ternary blend ratios studied here had a statistically significant PCE increase after annealing at 90°C
for 5 minutes, only one of the nine (65%DBSQ(OH)2) had a statistically significant loss in

efficiency, and the remaining three had no statistically significant change.

In the absorbance data for annealed films in Figure 4.6a there is clear evidence of HCT
formation in all films based on the double hump spectral shape. In comparison, for the unannealed
films in Figure 4.2b, only films with a DBSQ(OH)2 fraction of 35% or less had a double hump
spectral motif and, furthermore, only the 10% and 0% DBSQ(OH)2 fractions had substantial HCT
contribution based on the height ratio between the two humps. Simultaneously, the KPFM images
of Figure 4.7 show limited increases in phase separation from annealing. Yet, the efficiency of all
but one blend ratio either improved or showed minimal change, even with this significant HCT
presence. If the HCT species was inherently a source of poor performance through poor energy
transfer characteristics, we would expect devices to decrease in performance after low temperature
annealing. Instead, the increase in PCE suggests that HCTs are not inherently bad for the

performance of SQ based devices.

Furthermore, the combination of two SQs in a ternary blend is shown to preserve the
morphology of the as-cast film through low temperature, 90°C annealing; significant phase
separation is prevented. Only the annealed binary blend of DBSQ(OH). and PCBM in Figure 4.7e
had significant phase separation after annealing with all other films showing no notable change in
domain size after annealing. With additional annealing time, or higher temperatures, further phase

separation may occur but the mixing of two anilinic squaraines seems promising in that it improves
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the thermal stability of the active layer for organic photovoltaics without the need for costly

additives or additional processing.

4.5 Discussion
The significant loss in device performance due to the co-existence of excited state species

identified in unannealed devices raises concern about how the efficiency may decline over the
lifetime of operation of organic photovoltaic devices. DBSQ(OH).:PCBM blends have been shown
here to be one of the highest performing devices in Table 4.1 with an average PCE of around 2.90%.
From the absorbance data, we infer that it is composed almost entirely of the monomer and DHA
species, based on the single hump and high energy shoulder, in Figure 4.2a. However, upon
annealing at 90°C for 5 minutes, the absorbance shifts to the double hump motif of pure HCTs
within the thin film, shown in Figure 4.2c. While field operation temperatures may not be so high
over a device’s lifetime, lower thermal energy of operation will still induce similar morphology
changes, leading to a transition from DHA to HCT species over a longer time scale than just 5
minutes. It has been identified here how the co-existence of these two species is detrimental to
device performance, producing a notable dip below the predicted tie-line in Figure 4.4, with over a
15% loss from predicted efficiencies. Yet, when HCT is the dominant SQ species within the active
layer, and when problematic domain enlargement is limited, we tend to see an increase in device

efficiency based on Table 4.2

In our system of Squaraines, the incompatibility between DHAs and HCTs is identified as
problematic, and the negative impact is particularly accentuated because of the presence of both
DHAs and HCTs. Many target materials for organic photovoltaic devices do not have such
interesting, aggregated states that are so dependent on intermolecular separation and orientation.
However, any two species with misaligned energy levels can be predicted to produce similar results

due to the formation of energy traps. This concern can therefore be extended to other devices
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composed of molecules which may aggregate, or rearrange, to form new species with different

energy levels as the device is naturally annealed in the field.

Any loss in efficiency in a commercialized device caused by a slow transition between two
species, leading to their temporary co-existence with different aggregation extents, would be a
major concern; not only would it increase the payback period for the embodied energy costs of the
device, but this might prevent commercial viability in the marketplace. Of course, accelerated
lifetime tests are used to demonstrate compliance against industry standards during product
development, but temperature cycling thermal tests can both over- or under-represent the true
changes in efficiency for actual long-term performance [12]. In such high temperature and short
duration tests, morphology changes occur over a short time scale and efficiency is only tested at a
cycle’s beginning and end [155]. However, we would predict that the mid-cycle morphology
changes and associated efficiency effects representative of operation in normal conditions over long
times would go unnoticed; subtle morphology changes that cause broad populations of differing

energy states would not be accessed through the higher temperature accelerated lifetime testing.

Regarding devices in the field, whose long-term performance the solar cell industry attempts
to predict through accelerated lifetime tests, the degradation of device efficiency over time has
generally been observed to occur in stages. Following fabrication, organic photovoltaic devices
tend to undergo a rapid loss of efficiency, referred to as burn-in. Efficiency then continues to
degrade, but on a much slower time scale with a more linear decay rate. This more linear stage is
most commonly indicated by measuring the Ts80 lifetime, the time the device lasts before 20% of
its post burn-in efficiency is lost [12]. Studying solely the Ts80 lifetime hides the burn-in losses
from the initially fabricated device, which are also likely associated with morphology change.
Interestingly, burn-in losses have also been identified in devices while not in use [155]-[157] with
Li et al. identifying efficiency losses of up to 40% after only 5 days of dark storage due to room

temperature spontaneous phase separation [156], from the initial kinetically stable state to a
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thermally stable morphology [158]. In addition, PCBM, the decades-old mainstay for commercial
devices, has also been shown to significantly demix at moderate temperatures with a tendency to
form large aggregates [159], [160]. Above all, such phase separation may occur at short and long
time scales, at low and moderate temperatures, and over normal operating conditions. Shifting
morphology leads to larger ranges of intermolecular distance and aggregation, and larger
distributions of energy in the associated excited states. The key takeaway therefore is that, for all
BHJ devices, an alignment of the optimal operating morphology and the thermally stable

morphology is essential for commercial viability [158].

We think it valid to acknowledge here how many forms of morphology control have been
proposed, and we ask whether they may lead to success by circumventing a need for optimal
morphology to align with thermally stable morphology. The drive has always been to build the
most efficient solar cell with a perfect trade-off between energy transfer and charge transport.

Besides morphology control techniques such as thermal annealing and solvent annealing,

Finally, as we use a second Squaraine to illustrate and reinforce how an optimal morphology
is needed in a thermally stable device, we also point to other work where the addition of a third
active layer material has achieved such a stable morphology [148], [149], while also acting like a
solvent additive for optimizing morphology. For example, Zhang et al. identified how the
combination of two miscible donors, a small molecule and polymer, formed an alloy leading to
ordering in the donor domains, with higher hole mobility, and overall better device efficiency [152].
Similarly, Liang et al. used a polymeric donor as an additive at 4 wt% to further enhance an already
high efficiency ASM device; a key explanation was reduced domain size with improved phase
continuity [153]. We therefore support how ternary blends may be a superior tool for maintaining
higher efficiency after device burn-in, without any need for removal of orthogonal and potentially

toxic solvent additives.
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To review, when accelerated device testing is completed for industry compliance, it does not
serve the need for improved understanding of failure mechanisms. Yet, we describe here how phase
separation over time at the operating temperature is synonymous with dynamic molecular
reorientation. Therefore, a continuous shifting of intermolecular interactions and associated excited
state energies lead to changing device efficiencies in the field. We therefore make the case that
commercial success must account for how well active layer materials mix, and for the final
morphology at thermal equilibrium. We propose a need for careful selection and evaluation of
organic photovoltaic molecules over their entire lifetime, not just the initial or final efficiency of
devices with respect to accelerated testing. A narrow range of state energies for selected molecules,
even as the packing changes and the molecular environment changes, is hecessary to ensure limited
diversity throughout operational lifetime. Without careful consideration of the intermediate stages
of a device’s operation, substantial temporary losses in efficiency may go unseen as one species
gives way to another.

4.6  Conclusions

In summary, to discern the impact of Squaraine DHAs and HCTs on organic photovoltaic
performance, two Squaraine donors, with different blending properties with a PCBM acceptor,
were combined in a 2-donor, 1-acceptor ternary blend. DBSQ(OH). was found to behave almost
like a surfactant for DHSQ(OH), and PCBM, by breaking apart pure DHSQ(OH). domains,
limiting H-aggregate formation, and enhancing DHSQ(OH). blending with PCBM. The enhanced
control over Squaraine aggregation in devices allowed us to reveal that the previously concerning
DHA and HCT species are not inherently bad for devices individually. Rather, it is the co-existence
of these two species which hurts performance, producing 15% lower PCEs in devices where both
species exist simultaneously, as compared to devices where either species exists alone. The
efficiency loss is proposed to be a consequence of increased energy trap density, a consequence of
the different energy levels when both DHA and HCT co-exist within the active layer, leading to an
8% loss in internal quantum efficiency for both. This outcome is concerning with organic
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photovoltaic commercialization approaching. Low temperature annealing during long-term field
operation for any organic photovoltaic is likely to induce different levels of aggregation, as was
observed here through decreasing fractions of DBSQ(OH). in the ternary blends. Should such
aggregation lead to the formation of a new species with incompatible energy level alignment, as
here it led to combined DHA and HCT formation, the resulting loss of efficiency from their co-
existence would be unfavorable. Thus, we posit a growing need for consideration of efficiency
throughout device lifetime, rather than solely at the beginning or end. A highly efficient device is
of little value if morphology and aggregation produce unfavorable diversity in the middle of device

lifetime, leading to efficiency losses that may go unnoticed in accelerated testing.

Strategies for success may include incorporating material blends for which there are only a
narrow range of state energies even as the packing changes or the molecular environment changes.
If the goal is to obtain the highest possible device efficiency in the lab, then a Kkinetically stable
mixture of donor and acceptor formed after spin-casting may lead to valuable and informative
record-breaking efficiencies. For the goal of commercialization however, extensive annealing in
laboratory devices of course moves the device to an equilibrium geometry that will result from
many hours of use at elevated temperatures in the field. Consideration of stability of the
morphology over the lifetime of the device and limited additional need for processing or additives
is essential for elongating device operational lifetimes without substantial added cost. Beyond
initial lab work for all small molecule devices, consideration of intrinsic miscibility in subsequent
design phases is valuable; for example, side groups may be added to a promising active layer
acceptor candidate such that it mixes appropriately with the target donor candidate, and vice versa,

and maintains such mixing under greater thermal stress.
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5 Chapter 5. Energy Transfer Mechanisms of Squaraine Charge
Transfer H-aggregates

The previous chapters have shown that the formation of HCTs in organic photovoltaics (OPVS)
is not inherently detrimental to overall device efficiency. Instead, the efficiency loss appears to be
primarily due to larger domain sizes and a diverse excited state population, which can lead to trap
formation. Furthermore, highly efficient OPVs typically have smaller domain sizes, even when
HCTs are the predominant species within the active layer. However, our current understanding is
limited to overall OPV efficiency measurements, which include confounding variables such as
charge diffusion rates. These rates are expected to improve with the same crystallization process
that leads to HCT formation. As a result, we aim to specifically evaluate the energy transfer
properties of HCTs separately from other steps in the OPV mechanism. To analyze HCT energy
transfer properties, we will use transient absorption measurements to monitor the excited state
kinetics of Squaraine HCTSs in thin films. We will assess HCT energy transfer rates in two different
Squaraines, DHSQ(OH)2 and DBSQ(OH)2, under four conditions: i) unannealed neat film, ii)
annealed neat film, iii) unannealed blended film with PCBM, and iv) annealed blend film with
PCBM. Our findings indicate that energy transfer from HCT excited state populations to monomers
occurs in less than 100 femtoseconds for both Squaraines. Moreover, in unannealed
DBSQ(OH)2:PCBM blended films, initially populated HCT excited states reach the interface and
achieve charge separation, forming a PCBM anion in less than 2 picoseconds. This is over ten times
faster than timescales identified in other films. We propose that HCTs favor the Dexter energy
transfer mechanism, which exhibits extremely fast energy transfer rates. These rates are only
limited by the Dexter mechanism's preference for short-distance transitions, further emphasizing

the importance of small domains for OPV efficiency.

5.1 Background Literature Review
In the literature, formation of HCTs in OPV active layers tends to correlate with a loss in device

efficiency [53], [84]. However, formation of HCTSs is often coupled with extensive phase separation
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[53], [84], [120] from the PCBM acceptor during spin-casting [84] or from high temperature
thermal annealing to produce a thermodynamically favored morphology of large domains [53].
Additionally, devices utilizing DBSQ(OH): as the molecular donor consistently outperform devices
using DHSQ(OH); as the molecular donor when other processing parameters are consistent [84],
[120]. However, DHSQ(OH), preferentially forms notably larger domains than DBSQ(OH), when
blended with PCBM [120] and has absorption characteristics with poorer solar spectrum alignment

(section 4.3), both of which are known contributors to a lower device performance.

In Section 4.4, we enhanced the excited state coupling and HCT formation without causing
phase separation by employing low-temperature annealing. This process facilitated molecular
reorientation without significant mass transport. As a result, the devices exhibited increased
efficiency and greater HCT state formation compared to their pre-annealed states. It is worth noting
that such molecular reorientation and crystallization are expected to improve charge diffusion
efficiency, which may have contributed to the observed increase in overall device efficiency.
Therefore, it is crucial to isolate the energy transfer efficiency of HCT species to determine their

individual contribution to the device's overall efficiency.

To analyze the kinetics of excitons and polarons within OPV active layers, high-speed
observations of excited states are required. Transient absorption (TA) spectroscopy serves as one
of the most prominent tools for this purpose. Although the TA experimental setup used in this study
was previously described in Section 2.2.4, we offer some supplementary information on the

mechanism and signal interpretations for TA in this section.

In general, TA monitors subtle changes in the absorbance properties of a film or solution, in
time frames on the order of pico- or femtoseconds, after a significant number of excitons are
generated [68], [161]. TA initially hits the sample with many polarized photons at a selected
wavelength to induce an excitation in a large fraction of the molecules in a sample, referred to as a
“pump”. This pump results in a large population of excited states, reducing the number of molecules
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in the ground state. At select delay times after the pump, a polarized probe beam measures the
absorbance spectrum of the now excited sample. The difference in the absorbance of the probe
beam, at a given delay time, and the steady state absorbance is the sample’s transient absorption.
The resulting spectra include both negative and positive signals that can be used to characterize the
behavior of excited states. By adjusting the polarization orientation relationship of the probe and
pump, we can determine a parallel and perpendicular response of the sample. Using both responses,
the loss of anisotropy, may be measured by equations 2-3 and 2-4. What follows is a brief
description of some of the signals in TA along with possible interpretations applicable to this work.
The y-axis component for all the following TA data is the change in absorbance normalized to the
original absorbance at a given wavelength, AA/A. Therefore, a negative value means more
transmission of the probe beam and a positive value means less transmission of the probe beam,

with again some further detail to follow.

Ground state bleach (GSB): A negative signal is observed in transient absorption spectra when
the ground state of the sample is depleted by the excitation pulse, thereby reducing its concentration
and therefore, as described by the Beer-Lambert law, reducing the absorption of the sample. It is
important here to emphasize that a ground state bleach does not guarantee the corresponding
excited state is populated, only that the ground state capable of making the transition to that excited

state has been depopulated.

Stimulated emission (SE): Stimulated emission from excited species leads to the amplification of
the probe beam intensity and therefore it appears as if the transmission of the sample has increased

at probe beam wavelengths pertaining to emission energies for that fluorescence.

Excited state absorption (ESA): Molecules in an excited state may be capable of experiencing a
second photon event when the excited molecule can absorb another photon, inducing a second
transition. The result is an increase in the absorption of the sample at that probe wavelength which
pertains to the transition energy from excited state i to excited state j.
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Anions/Cations: Charge separation between two components in a blend leads to the formation of
radical anions and radical cations, also known as polarons in solid state physics [162]. The creation
of these positively and negatively charged species alters the electronic structure of the molecules,

subsequently leading to new absorption characteristics.

For a more detailed summary of various TA signals, the interested reader is directed to [163].

After the assignment of signals in a TA spectrum, Kinetic studies are used to describe the
dynamics of photoinduced processes in the sample. In a typical kinetic study, changes in the
assigned signals (peak shifts, decay/growth rates) are monitored over the available range of time
delays. By analyzing the temporal evolution of the transient absorption spectrum, Kinetic
parameters such as rate constants (or lifetimes) and mechanisms of photoinduced processes can be
determined. A rate constant describes the dynamics of a photoinduced process in a material, or the
speed at which a transition occurs. The lifetime typically refers to the reciprocal of the rate constant.

Thus, a faster rate constant leads to a shorter lifetime and vice versa.

Power density studies enhance transient absorption spectroscopy as excitation laser
intensity affects photoinduced process dynamics. High-power densities increase excited state
populations, raising the rates of bimolecular processes such as exciton-exciton annihilation, which
requires two excitons transferring energy to the same point, causing annihilation. Varying laser
power density therefore varies exciton-exciton annihilation rates, which allow an assessment of the

all-important energy transfer rate constant.

Lastly, transient anisotropy is important in the study of photoinduced processes because it
provides information about the orientation and motion of molecules in a sample. By measuring the
change in the relative absorbance of probe polarization parallel to the pump to absorbance
perpendicular to the pump, a decay in anisotropy can be identified. Anisotropy decay can indicate

a time-dependent motion of excitations. In a solid film, molecular reorientation is restricted, so
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polarized excitations can only be measured by a probe beam perpendicular to the pump beam once
the exciton has undergone energy transfer to a new molecule that is parallel to the probe orientation,
or if there has been a relaxation to an excited state in the same molecule, dimer or aggregate with
a transition dipole moment perpendicular to the transition dipole moment associated with the
photoinduced transition. Thus, transient anisotropy measurements may be used to study the
dynamics of energy transfer and charge separation in thin solid films. In general, the maximum
anisotropy that can be obtained in a transient absorption measurement is 0.4, which corresponds to
a completely aligned sample. A more complete description for the maximum anisotropy may be
found in the appendix and interested readers will find more details in [164]. Significant reduction
below the maximum value of 0.4 is therefore indicative of a more isotropic excited state population,

implying significant energy transfer from the initially highly polarized population.

A significant amount of work has already bone done on the energy transfer properties of
both Squaraine monomers and squaraine dimer H-aggregates. Somashekharappa et al. studied
squaraine monomers in solution with PCBM and were able to observe evidence of successful
charge separation through the formation of the Squaraine cation with a time constant of around 80
to 100ps [165]. Goh et al. identified energy transfer between two different squaraines in a thin film
in time frames around 1ps through the FRET mechanism, achieved by selecting two squaraines
with an excellent spectral overlap integral [166]. Zheng et al. previously interpreted TA
measurements of DBSQ(OH). molecules dispersed in a PMMA matrix [68]. Their findings
revealed that excited monomers preferentially underwent energy transfer on pathways into
progressively tighter packed dimer H-aggregates before exciton-exciton annihilation quenched the
signal [68]. However, samples had a low SQ in PMMA concentration such that charge transfer
coupling was stifled, preventing interpretation of HCT energy transfer properties. Similarly, de
Miguel et al. evaluated six different squaraines in thin films where there was a coexistence of H-

and J-aggregates [167]. They found a similar result where monomer excited states underwent rapid
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Table 5.1 — Quick reference table of the eight films studied using transient absorption spectroscopy to
assess the energy transfer efficiency of charge transfer H-aggregates. Note that all films blended with
PCBM are a 1:1 ratio of squaraine to PCBM. All annealed films were annealed at 90°C for five minutes.

Film Shorthand Name Absorbance Qualitative Description
Spectrum of Species
DBSQ(OH); Neat Unannealed ButNeatUn Figure 5.1a DHA and M
Dashed
DHSQ(OH), Neat Unannealed HexNeatUn Figure 5.1b Complete HCT
Dashed
DBSQ(OH), Neat Annealed ButNeatAnn Figure 5.1c Complete HCT
Green
DHSQ(OH); Neat Annealed HexNeatAnn Figure 5.1c Complete HCT
Purple
DBSQ(OH),:PCBM Unannealed ButPCUn Figure 5.1a Mostly M,
Solid Some DHA
DHSQ(OH),:PCBM Unannealed HexPCUn Figure 5.1b Complete HCT
Solid
DBSQ(OH),:PCBM Annealed ButPCAnNN Figure 5.1d Complete HCT
Green
DHSQ(OH),:PCBM Annealed HexPCAnNn Figure 5.1 Complete HCT
Purple

energy transfer to the aggregates in time frames on the order of picoseconds, followed by rapid loss
of signal through exciton-exciton annihilation [167]. The apparent preferential motion of excitons
from monomers to aggregates does not bode well for the performance of OPVs provided that the
D:A interface is likely where monomer species are most common due to the intermixing of the two
materials restricting significant aggregation. However, limited analysis has been done on the
directional preferences of energy transfer in charge-transfer H-aggregates.

5.2 Transient Absorption Design of Experiment

In designing the transient absorption experiment, we aimed to identify the specific energy
transfer contribution of HCTs to overall OPV efficiency. To achieve this, eight films were
evaluated, summarized in Table 5.1, and discussed here for their key differences and value for the
intended goal. All films were cast from solutions with a concentration of 4.5mg/ml, unless
otherwise specified, to achieve a sufficiently low optical density for the TA instrument.
Additionally, for these experiments we utilized two different pump excitation wavelengths (550nm

and 645nm) and three different laser power densities for each measurement (selected from 10, 20,
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Figure 5.1 (Repeat of Figure 4.1 for reference) — Normalized absorbance spectra of a)DBSQ(OH)2 and
b)DHSQ(OH): in solution, a neat thin film, and a 1:1 blend film with PCBM. ¢) and d) compare the
normalized annealed absorption spectra of DBSQ(OH)2 and DHSQ(OH)zinac) neat filmand d) a1:1
blend with PCBM.

40, and 80 uW depending on response signal intensity). To be concise, in this section we will utilize
the shorthand names given in Table 5.1 when referencing each film. All of the following qualitative
assignments provided here and in Table 5.1 are made based on the corresponding absorbance

spectra features in Figure 5.1 for each film.

All four of the neat films are utilized to monitor the kinetics of HCTs, DHASs, and
Monomers in a neat thin film without the possibility for charge separation at an interface.
ButNeatUn and HexNeatUn represent the as cast excited state population of each neat material
where ButNeatUn is composed of a conglomeration of Monomers and DHAs while HexNeatUn is

mostly composed of HCTs. Based on these descriptions, we expect smaller domains and a more
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diverse energy landscape in the ButNeatUn film while the HexNeatUn film is predicted to have a
less diverse energy landscape with larger individual domains. By annealing the films at 90°C for
five minutes, we identify complete HCT formation in both the ButNeatAnn and HexNeatAnn films
and can more directly compare behavior of the HCT for both squaraines. From the neat films, we
aim to identify if there is a preferential pathway for excitons to undergo energy transfer from
monomers to tighter packed species such as DHAs or HCTs as seen in the literature [68], [167] or
if the opposite direction is more preferred. By exciting at 550nm, we preferentially excite any HCTs
and DHAs in the film given the complete lack of monomer absorbance at that wavelength. In
contrast, by exciting at 645nm, we excite a conglomeration of monomers and low energy HCTs

(through the HCT(-) state).

Upon blending the films with PCBM, we allow for charge separation to take place and aim to
interpret whether the preferential directions of energy transfer identified in the neat films lead to
efficient charge separation. To explain, we assume that HCTs will be most prominent near the
center of squaraine domains as a consequence of the increased squaraine density and reduced
mixing/increased purity [122]. In contrast, at the edge of domains, near the PCBM interface, there
is likely some intermixing of the two materials such that PCBM may restrict significant aggregation
leading to an increase in monomer population. The result is a sphere of densely packed HCTs
surrounded by a “fuzzy shell” of monomers and DHAs. Consequently, this assumption implies that
a preferential motion of excitons from HCTs to monomers would be greatly beneficial to devices.
Additionally, we note here that the inclusion of PCBM should not lead to the formation of excitons
on the PCBM from our chosen excitation wavelengths as the PCBM has negligible absorption at
wavelengths above 500nm. As such, any observed photoinduced processes attributed to a PCBM
species are necessarily indicative that charge transfer at the Squaraine:PCBM interface has

occurred.
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Figure 5.2 — Transient absorption spectra of an annealed (a, b) and unannealed (c, d) DBSQ(OH)2
neat film excited by a pump wavelength of 550 nm (a, ¢) and 645 nm (b, d).

5.3 Transient Absorption of Neat Squaraine Films
The four sections below respectively describe the spectral features from the transient absorption

experiment, assign the features and trends to phenomena and processes in the samples, explore the

kinetics and then summarize the findings.

5.3.1 TA Spectral Features of Neat DBSQ(OH). and DHSQ(OH):

Transient absorption spectra of DBSQ(OH); neat films excited by pumps at 550nm and
645nm are provided in Figure 5.2. For all subfigures a through d, gaps in the spectral data result
from the exclusion of the 30nm bandwidth around the excitation wavelength because pump photon
scattering restricts data accuracy in this range. For this set of data, there are enough similarities in

spectral behavior with changes in both the excitation wavelength and annealing that the following

87



signals and trends are present for all cases; differences will be called out specifically when they

occur. Five clear signals are here identified for the TA spectra of Figure 5.2.

Ground State Bleach (550 nm, 675 nm)

Two clear negative signals ca. 550nm and 675nm, are present in all the TA spectra of
DBSQ(OH); neat films. Notably these signals align well with the steady state absorption of the
DBSQ(OH); annealed neat film, shown as a black dashed line in Figure 5.2a and b. This double
hump spectral motif has been previously designated as the HCT species, we therefore assign these

peaks to a GSB of the HCT species (HCT(-) at 675nm and HCT(+) at 550nm).

The HCT(-) GSB (675nm) blue shifts in the first 400fs and there is a notable loss of peak
height in this signal between the 0.2 and 0.4 ps time slices in all cases except in Figure 5.2a
(annealed, 550nm excitation). This feature decreases in height significantly over the first 1000ps
but remains constant thereafter until the limits of the experiment at 1700ps. We also note that in
Figure 5.2a, during the decay of the first 1000ps, the HCT(-) GSB shows a clear red-shift in peak

position.

In contrast to the HCT(-) GSB, the HCT(+) GSB changes minimally in the first 800fs

before decaying rapidly thereafter such that HCT(+) GSB is completely gone by 1000ps.

Excited State Absorption (465 nm, 620 nm, 525 nm)

In all spectra there is a clear positive signal at approximately 465nm which appears
immediately after excitation and which decays completely by approximately 1000ps with no further
change at later times. Another positive signal at 620nm, clearest in Figure 5.2a, appears in all cases,
significantly raising the peak in this range beyond what is expected based on the steady state
spectrum. The 620nm signal shows an early blue shift and peak height reduction in the first 400fs.
Then the peak height of this signal increases in remaining time in all cases, except in Figure 5.2a,

where the peak height remains unchanged for the rest of the experiment. Lastly, there is a positive
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Figure 5.3 — Transient absorption spectra of an annealed (a, b) and unannealed (c, d) DHSQ(OH):
neat film excited by a pump wavelength of 550 nm (a, ¢) and 645 nm (b, d).

signal contribution at around 525nm in films excited at 645nm (Figure 5.2b and d) that can be
identified by analyzing the disruption in the gaussian shape of the HCT(+) GSB. This feature is

gone by 1000ps in all films.

For the DHSQ(OH); neat films shown now in Figure 5.3, there are again significant
similarities in spectral features and trends with the DBSQ(OH)2 neat films discussed previously.
The same five clear signals are identifiable in the TA spectra of Figure 5.3 with only subtle

differences in position and height.

Ground State Bleach (550 nm, 675 nm)

Present in all films are the two clear negative signals ca. 550nm and 675nm, previously

assigned to a GSB of the steady state absorption of the HCT species. The behavior of both negative
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signals is comparable to their behavior in the DBSQ(OH). films, though it is noted here that the
long-lived characteristic of the HCT(-) GSB is blue-shifted from its starting position, rather than

red-shifted or unchanged as in the DBSQ(OH): films.

Excited State Absorption (465 nm, 620 nm, 525 nm)

There remains a clear positive signal at approximately 465nm, appearing immediately after
excitation and fully decaying by approximately 1000ps. The positive signal at around 620nm
appears again and is present until the conclusion of the experiment at 1711ps. However, there is a
clear increase in height of this signal in all spectra of DHSQ(OH), compared to the spectra of
DBSQ(OH), spectra; for example all features at 620 nm sit above the baseline and are positive in
magnitude whereas the same feature in Figure 5.2 may often sit below the baseline and may only
be inferred by direct reference to the steady state spectrum. Lastly, the positive signal at around
525nm is present in all DHSQ(OH). experiments of Figure 5.3. The now consistent appearance of
the positive feature at 525nm in the DHSQ(OH), measurements of all subfigures of Figure 5.3 is
notably different from the DBSQ(OH), experiments where a positive feature at 525nm is only
visible in films excited at 645nm (Figure 5.2b and d). The kinetics of the 525nm feature remain

similar however for all appearances, with the signal having completely decayed by 1000ps.

5.3.2 Assignment of the TA Spectral Features of Neat Squaraine

Films

All features identified for the neat films of both Squaraines (annealed and unannealed) have been

summarized in Table 5.2 for reference.

Both the 550nm and the 675 nm TA features align with the steady state absorbance features
of the HCT(+) species and the 675 nm absorbance features, respectively. Therefore, these features
are assigned to ground state bleaching of the HCT(+) and HCT(-) species respectively. There are

some small observable shifts in the position of the HCT(+) GSB at select time slices, but none are
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Table 5.2 — Summary table of all the features identified in the neat film TA spectra of Figure 5.2 and
Figure 5.3 and key decay behaviors.

Wavelength +/- Decay Comments

(nm) Signal

465 + Signal appears immediately after excitation at both 550nm and 645nm,
decays completely by approximately 1000ps.

525 + Positive signal contribution present in all DHSQ(OH). films and DBSQ(OH):
films excited at 645nm, gone by 1000ps in all films.

550 - Signal appears immediately after excitation at both 550nm and 645nm,
decays completely by approximately 1000ps.

620 + Signal appears immediately after excitation, notable blue shift and peak

height reduction in the first 400fs.

After 400fs in DHSQ(OH),, signal slowly decays during remainder of
experiment but never completely disappears.

After 400fs in DBSQ(OH), signal grows slightly and never disappears.
675 - Signal appears immediately after excitation, notable blue shift and peak
height reduction in the first 400fs in all cases.

Feature decreases in height significantly over the first 1000ps but remains
constant thereafter until the limits of the experiment at 1700ps.

large enough to refute this assignment. These small shifts are indicative of subtle changes in the
average molecular packing around excited states leading to changes in the double hump splitting
motif [90], [106]. There is also some complexity to explore below in that the HCT(-) GSB remains
present after the HCT(+) GSB has completely recovered, for all cases. There is no obvious
contribution from any GSBs other than the HCT following excitation. Therefore, HCT is inferred

to be the dominant absorbing species by the pump, regardless of wavelength.

Since the double hump spectral motif has been previously assigned to HCTs [90], we
expect that the height of each GSB feature would track the other. Yet, there remains a long-lived
GSB at 675nm, after the 550nm GSB has recovered. There are two possible explanations: 1) An
excited state for a different species that absorbs at ~675nm has been populated via energy transfer
from the HCT or 2) HCT(+/-) states may be uncorrelated. Given that HCT(+) and HCT(-), are a
result of coupling between CT and DHA excited states,[90] uncorrelated HCT(+/-) states is highly
unlikely and we reject explanation 2. Thus, we conclude that energy transfer must be occurring

from initially excited HCTSs into a different species absorbing only at ~675nm.
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The long-lasting component of the signal at ca. 675nm, still present after complete decay
of the 550nm signal in all films, we propose to be a monomer GSB. The position of this long-lived
GSB is somewhat variable in our experiments, appearing just below 670nm in DHSQ(OH) films
(Figure 5.3) in the 1000ps time slices, and above 670nm in DBSQ(OH) films (Figure 5.2) in the
1000ps time slices. The position of the steady state absorbance peak for a Squaraine monomer in a
thin film is confirmed by the literature to appear at around 678nm due to a changing dielectric
constant of the environment [84], [106]. We note that assignment of this long-lived component to
a monomer GSB necessarily implies that the overall negative signal at 675nm is a conglomeration
of the GSB of the HCT(-) species and the now assigned monomer. We will further discuss the
contributions of each species (Monomer and HCT(-)) to this overall signal (ca. 675 nm) in the next

section.

Two positive features, 465nm (in all experiments) and 525nm (in all DHSQ(OH).
experiments and with 645nm excitation in DBSQ(OH). experiments), emerge immediately after
excitation and decrease to zero within the first 1000ps. Their Kinetic behavior resembles the
HCT(+) ground state bleach (GSB), suggesting they are excited state absorptions (ESAs) of the
HCT. Considering 550nm excites HCT(+) and 645nm excites HCT(-), it's unexpected that both
wavelengths produce identical ESAs. It's improbable that both HCT states have identical energy
gaps; a more likely explanation is that the HCT state relaxes into another state, creating the ESA.
Possible ESA origin states include HCT(-), charge transfer (CT), and bright and dark donor-

acceptor (DHA) states.

Transitions to CT or DHA(bright) from HCT(-) would need an upward energy transition,
making them less likely. We initially claim that the 465nm feature is an ESA from HCT(-), and the
525nm feature is an ESA from DHA(dark). The 465nm HCT(-) ESA is present when HCT is
excited and may result from direct HCT(-) excitation or relaxation from HCT(+). The 525nm

feature appears only in DHSQ(OH). films or with 645nm excitations and doesn't coincide with new
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GSBs. Its absence in 550nm-excited DBSQ(OH)2 films could be due to GSB masking or a small
contribution from underlying species. Since relaxation is the only expected route to populate
DHA(dark), likely from HCT(-) when excited at 645nm, we further confirm the 525nm feature as

an ESA of the DHA(dark) state.

The final feature, a positive signal at 620nm, persists to the conclusion of the experiment,
as does the GSB at 675nm that has been so far assigned to a GSB of the monomer species. We
therefore posit that this 620 nm signal is an ESA of the monomer species. However, in making this
assignment, and since the 620 nm signal appears immediately, we call into question an earlier
assumption that HCT is the only species populated by the pump. Given that monomers in a thin
film have narrow absorbance peaks that are shifted well away from the pump wavelengths,
appearing at 678 nm [84], [106], we assume that the vast and measurable majority of these
monomers are populated by rapid (<2ps) energy transfer from HCT excitations, a prediction which

will be validated in a later section.

5.3.3 Interpretations of Neat Film TA Kinetics and Properties

The assignment of the 620 nm ESA to a monomer will now be discussed. In the steady-
state absorbance of annealed DHSQ(OH); (Figure 5.1c - Purple), annealed DBSQ(OH). (Figure
5.1¢c-Green), and unannealed DHSQ(OH). (Figure 5.1b - Dashed) neat films, there is no monomer
absorbance evidence; each spectrum features the HCTs' double-hump motif. We assume HCT is
the dominant absorbing species in these films. Without this assumption, we cannot directly excite
monomer states with 550nm excitation. However, the 620nm ESA, thought to originate from
excited state monomers, appears by the 200fs time slice and in all neat film TA spectra (Figure 5.2

and 5.3). This suggests monomer excited states are populated after HCT state excitation.
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Figure 5.4 — Kinetic Traces of the 620nm feature (a, b) and 550nm feature (c, d) for DBSQ(OH): (a,
¢) and DHSQ(OH)2 (b, d) neat film transient absorption measurements. Alternative versions of these

Figures where the y-axis has been converted to a logarithmic scale are provided in the appendix in
Figure A8.13

In Figure 5.4, normalized Kinetic traces are provided for the monomer ESA at 620nm (a
and b) and the HCT(+) GSB at 570nm (c and d). In Figure 5.4a and b, monomer ESA kinetic traces
of DBSQ(OH); and DHSQ(OH), films show a rapid decay in the first 1ps, followed by a notable
regrowth and second rapid decay from time 1ps to 2ps. After the second decay, Kinetic traces remain
the same through the remainder of the experiment with some regrowth again at very late times for
the DBSQ(OH)2 films of Figure 5.4a. In Figure 5.4c and d, the HCT(+) GSB shows a continuous
rapid drop in signal during the same first 2ps, before the rate of decay slows dramatically for the

remainder of the experiment. We note here that the x-axis switches to a log scale after 10 ps.
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Based on the kinetic behaviors of these signals, with the assumption that these oscillations
are not artifacts from the measurement, which seems unlikely, combined with the steady state and
transient absorption spectral characteristics we provide the following interpretation. However, first
the expected morphology is described. The steady state absorption spectrum of the neat films
indicates that the samples are composed almost entirely of tightly packed HCT species with a near
zero quantity of intermingled monomers between tightly packed regions [146]. We consider each
film to be made up of a set of domains. In the center of each domain, we expect squaraines to be
packed in a low energy structure similar to their crystal structure. As we move out from this center
we expect a more random orientation of squaraines as we transition to a subsequent domain.
Therefore, there will exist “isolated” monomers on the peripheral shell of each domain. The kinetic
data from the first 2ps of all subfigures of Figure 5.4 is hypothesized here to arise from two
competing rates. First, HCT excitons that are photoexcited next to the peripheral isolated monomers
may instantaneously energy transfer into the monomer species, evidenced by the instant appearance
of the 620nm signal assigned to the ESA of excited state monomers and the rapid decay in the HCT
GSB signal over the first 2ps in Figure 5.4 ¢ and d. The resulting population of excited monomers
is spatially confined to a limited number of available sites based on the previous morphology
description. Simultaneously, a second competing rate which depopulates the excited monomers is
apparent by the rapid loss of the 620nm signal in the less than 1ps in Figure 5.4a and b. This is
posited to be rapid exciton-exciton annihilation of monomer excitons as additional peripheral HCT
excitons energy transfer into the already excited small population of available monomer sites. After
HCT excited states close to the domain boundary have fully transitioned into the monomer sites,
the rate at which monomer excited states are populated is dramatically slowed. This is because the
remaining HCT excitons at the center of the domain must diffuse to the interface from greater
distances through the slow Dexter mechanism. The result is an equilibrium between populating (via
EnT from HCT sites) and depopulating (via Exciton-Exciton annihilation at already populated
sites) for the remainder of the experiment. Since the exciton-exciton annihilation is a bimolecular
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process, this decay stands out particularly in the first 2ps of the experiment but seems convoluted
with the rate of steady energy transfer from central HCT states to peripheral monomers. Given that
for DBSQ(OH). the domains will be much smaller, likely because the thermodynamic drive to the
crystal packing geometry is less pronounced than in DHSQ(OH)., the late time growth
characteristic for the monomer ESA signal in Figure 5.4a is explained by a larger number of

available monomer sites in DBSQ(OH).

To better evaluate the behavior of excitons in our devices, where the concentration of
casted solutions is typically 15mg/ml, an additional unannealed DBSQ(OH), neat film was cast
from a solution concentration of 7mg/ml, slightly greater than the other films for this experiment
(4.5mg/ml). The TA response data for each of the films (4.5mg/ml and 7mg/ml) are provided in
Figure A8.14 where two observations can be made. At early times, the contribution of the 620nm
ESA of excited monomers is not present in the 7mg/ml (Figure A8.14a) film while clearly present
in the 4.5mg/ml film (Figure A8.14b). Additionally, there is no long-lived characteristic in either
the 620nm ESA of excited monomers or the 675nm monomer GSB in the 7mg/ml (Figure A8.14a).
As described previously (Section 1.1.2.3), increases to the concentration of the casting solution will
lead to a more crystalline film due to slower evaporation of trapped solvent within the film allowing
for molecular reorganization. Consequently, we expect the higher concentration solution to produce
a film with fewer available peripheral monomer sites and larger central domains of HCT given the
additional reorganization time. We interpret that in a thicker film, the fewer available monomer
sites and increased average HCT domain size substantially restrict energy transfer from HCT to
monomer that has been identified in our lower concentration films. This is an important observation
in the context of our OPV devices since solutions for device casting are at concentrations of
15mg/ml, a much greater concentration that may substantially reduce the predicted quantity of

peripheral monomer sites to energy transfer into.
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The 525nm signal (Table 5.2), assigned to the DHA(dark) state ESA, appears in all
DHSQ(OH). TA measurements (Figure 5.2) but only with 645nm excitation in DBSQ(OH)- films
(Figure 5.3b and d). It is absent in 550nm-excited DBSQ(OH), films (Figure 5.3a and c). The
DHA(dark) state's low energy, further reduced by tighter packing [120], [168], may act as a trap,
reducing OPV device performance if preferentially populated. The reduced likelihood of
populating DHA(dark) in higher energy (550nm excitation) excitons in DBSQ(OH). films,
evidenced by the missing ESA in Figure 5.3a and ¢, and the increased monomer state availability,
provide an initial explanation for higher performance DBSQ(OH), OPV devices over DHSQ(OH):
OPV devices [84], [120]. Further evaluation of PCBM-containing films is needed and will be

discussed in a later section.

5.3.4 Neat Film TA Conclusions

The following summary of processes is consistent with the above data. EnT from HCT to
monomer occurs nearly instantaneously when these species are in close proximity at peripheral
domain sites. EnT from excited HCT states that are centrally located in domains happens more
slowly because of the greater distance to the domain boundaries. The Dexter energy transfer
mechanism has a fast rate, faster than FRET, but only very small intermolecular spacing between
energy donor and acceptor [40], [60]. Therefore, many subsequent transfers are necessary to reach
the peripheral sites for HCTs that are initially excited far from the peripheral monomers at the
center of domains. In contrast, that same rapid energy transfer at small intermolecular spacings
allows HCT excitons initially generated near monomers at peripheral sites to EnT nearly instantly.
Thus, Squaraine HCT species are posited to be extremely effective energy transfer contributors for
OPV devices when the size of their corresponding domains are small because of the combination
of proximal low energy monomer excited states. Energy transfer out of well-packed regions is fast

initially but as the structural packing becomes less well ordered the rate of energy transfer reduces
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unless monomers abound. These explanations can further be explored and validated with the

inclusion of PCBM, a recognized energy sink for excited state energy in the squaraines.

In the context of OPV devices we remind the reader that the explanations provided for the trap
like characteristics of the DHA(dark) state are consistent with a lower performance of DHSQ(OH)2
devices compared to DBSQ(OH)2, due to the increased likelihood of populating the DHA(dark)
state in DHSQ(OH),, and a proportionally lower population of domain periphery sites for HCT
excitons to energy transfer into. We will shortly see how those periphery sites will typically house
the PCBM, rather than squaraine monomers, as we consider binary blends typical of OPV devices.

5.4 Addition of a PCBM Acceptor to Transient Absorption

Measurements
Four sections below respectively describe the spectral features from the transient absorption

experiment, assign the features and trends to phenomena and processes in the samples, explore the

kinetics and then summarize the findings.

5.4.1 Blended Squaraine:PCBM Film Spectral Features

In Figure 5.5, transient absorption measurements of blended squaraine and PCBM acceptor
films in a 1:1 ratio are shown for excitation at 550 nm and 645 nm, displayed on the left and right
of each row respectively. The analysis combines annealed DBSQ(OH)2:PCBM (Figure 5.5a, b),
annealed DHSQ(OH)2:PCBM (Figure 5.5c¢, d), and unannealed DHSQ(OH)2:PCBM (Figure 5.5¢,

f) due to their spectral similarities.

In these films, the same five signals from neat films are identified: three positive excited-
state absorption (ESA) signals at 465 nm, 525 nm, and 620 nm, and two negative ground-state
bleach (GSB) signals at 550 nm and 670 nm. The GSBs are attributed to HCT (550 nm and 670
nm) with some monomer GSB contribution at 670 nm. The 620 nm ESA is associated with

monomer species, while the 465 nm ESA corresponds to HCT(-) species. The slight positive
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Figure 5.5 — Transient absorption spectra of an annealed DBSQ(OH)2:PCBM (a, b), annealed
DHSQ(OH)2:PCBM (c, d), and unannealed DHSQ(OH)2:PCBM (g, f) films excited by pump
wavelengths of 550nm (a, c, €) and 645nm (b, d, f).

contribution around 525 nm that interrupts the Gaussian shape of HCT(+) GSB is still attributed to

the DHA(dark) state.
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Figure 5.6 — Transient absorption spectra of an unannealed DBSQ(OH).:PCBM film excited by a
pump wavelength of a) 550 nm and b) 645 nm.

It is important to note that the DHA(dark) state ESA remains in all films excited at 645 nm
but is absent in films excited at 550 nm. The DHA(dark) state has a smaller contribution in the
annealed DBSQ(OH)2:PCBM measurement (Figure 5.5b), appearing as a minor disturbance in the
Gaussian, compared to both DHSQ(OH)2 measurements (Figure 5.5d and f), where it significantly

disrupts the Gaussian structure of the 550 nm GSB.

For these three PCBM-containing films of Figure 5.5, there are two significant new
characteristics. The first is the incomplete decay of the HCT(+) GSB at 550 nm, which persists past
the conclusion of the experiment at 1711ps. In contrast, the HCT(+) GSB was largely gone by the
1000ps time slice for all neat films. This observation coincides with the second new characteristic,
namely that the HCT(-) ESA remains until beyond 1711 ps. This HCT(-) ESA had decayed almost
completely by 1000ps in the neat films. In addition to the persistence of the HCT(-) ESA, this

feature also has a notable redshift at later times, which is not observed in the neat films.

In Figure 5.6, transient absorption spectra, with 550 nm and 645 nm excitation respectively,
of the remaining unannealed DBSQ(OH)2:PCBM film are provided. The features of these
measurements are quite different from all previous measurements. There is a hew dominating

negative signal at ca. 715nm that appears immediately after excitation, decaying continuously, but
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remaining after the conclusion of the experiment at 1711 ps. Additionally, a broad negative signal,
centered at around 600nm, begins to grow in between the 10 and 100ps time slices and remains
until the conclusion of the experiment. Other signals, like those of previous measurements, are
present, including the 465 nm HCT(-) ESA and the 550 nm HCT(+) GSB. The 465 nm HCT(-)
ESA decays slowly until approximately 10ps, before undergoing a red shift to 515nm. This feature
remains through the end of the experiment, at 1711ps. The HCT(+) GSB decays until
approximately 10ps, before being overlapped by the red shifted HCT(-) ESA and the broad negative

signal at ca. 600nm.

5.4.2 ldentification of the TA Spectral Features of Blended Films

All features identified for the PCBM blended films of both Squaraines (annealed and

unannealed) have been summarized in Table 5.3 for reference.

The assignments for the blended films are confirmed in the context of those made for the
neat films. The GSBs at 550 and 675 nm are assigned to the HCT and the 465 nm ESA is assigned
to the HCT(-) at least for early times before the red-shift. The 615 nm ESA is assigned to the
monomer for the three films whose spectra are shown in Figure 5.5. As with the neat films some
monomer GSB contributes to the overall negative signal centered at 675 nm. Finally, the subtle
positive signal identified at early times around 525 nm for select experiments is still attributed to

the ESA of the DHA(dark) state.

Regarding new signals, the red-shift of the 465 nm ESA at late times in all PCBM
containing films is of particular interest. Since there was no red-shift in the 465 nm ESA signal in
any of the neat films, it is likely a PCBM state. Keiderling et al. previously conducted transient
absorption on neat PCBM films with a pump wavelength of 350 nm, at which PCBM absorbs [169].
They identified a positive signal at ca. 550 nm, which they attributed to excess free charge carrier

generation in the neat PCBM film and was accompanied by a signal for the anion at wavelengths
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Table 5.3 - Summary table of all of the features identified in the PCBM blend film TA spectra of Figure
5.5 and Figure 5.6 and key decay behaviors.

Wavelength

(nm)

+/-
Signal

Decay Comments

465

490-515

525

550

600

620

675

715

+

Assigned: HCT(-) ESA

Signal still appears immediately after excitation at both 550nm and 645nm,
never completely decays. Red-shifts to form new signal.

New

Positive signal appears as a red-shift of the 465nm ESA always at later times
in the experiment. Extent of the red-shift varies between films.

Assigned: DHA(dark) ESA

Positive signal contribution only in films excited at 645nm of Figure 5.5 and
more visible in DHSQ(OH). films than the DBSQ(OH): film.

Assigned: HCT(+) GSB

Signal appears immediately after excitation at both 550nm and 645nm.
Feature decreases in height significantly over the first 1000ps but remains
constant thereafter until the limits of the experiment at 1700ps in
DHSQ(OH), and annealed DBSQ(OH). (Figure 5.5).

In unannealed DBSQ(OH); the signal is gone by 10ps (Figure 5.6).

New

Negative signal appears only in unannealed DBSQ(OH)2 film (Figure 5.6)
from 10ps until the end of the experiment.

Assigned: Monomer ESA

Signal appears immediately after excitation in DHSQ(OH). and annealed
DBSQ(OH): (Figure 5.5).

Signal slowly decays during remainder of experiment but never completely
disappears.

Assigned: Combination of HCT(-) GSB and Monomer GSB

Signal appears immediately after excitation in DHSQ(OH); and annealed
DBSQ(OH), (Figure 5.5).

Notable blue shift and peak height reduction in the first 400fs.

Feature decreases in height significantly over the first 1000ps but remains
constant thereafter until the limits of the experiment at 1700ps.

New

Negative signal appears immediately in unannealed DBSQ(OH); (Figure 5.6).
Feature decreases in height throughout experiment but never completely
disappears.

longer than 1000nm [169]. We note that this is a separation of excitons into free charge carriers

within the PCBM is different from the bleaching effect of exciton generation. The red shift of the

465nm ESA is assigned to charge generation on the PCBM. Confirmation of the signal originating

from a PCBM anion may require further transient absorption spectroscopy at wavelengths in the

near infrared range, typical for measuring the presence of this species [169], [170] and outside of

our chosen probe bandwidth. However, since we have blended Squaraine:PCBM films, and charge
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Figure 5.7 — Transient peak position of the 465nm ESA in PCBM blended films of
a)unannealed DBSQ(OH)., b)annealed DBSQ(OH),, c)unannealed DBSQ(OH),, and
d)annealed DHSQ(OH);

separation may occur at the interface between the two materials in the blend, we attribute the red
shift of the 465nm ESA (the growth of the 500 nm feature) to a similar PCBM excited state. The
shorter wavelength of this signal in our blended films, compared to Keiderling’s 550 nm feature,
may be attributed to the presence of the Squaraine altering the molecular environment around the
PCBM. Hence, the extent of the red-shift and kinetics of the 465nm signal will later be used to

describe the extent of charge transfer that has occurred to the PCBM.

The other signal to be discussed is the sharp negative signal at 715nm that appears only in
the unannealed DBSQ(OH).:PCBM films of Figure 5.6. This signal appears immediately (sub 2ps)
for both excitations and, while it decays continuously, it remains present throughout the
experiment. We note that this signal is structured like the monomer of these squaraines in solution

(ca. 650nm), albeit significantly red-shifted. Previous discussions have been made both here and
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elsewhere [84], [106] regarding the red-shift of absorbance signals in thin films compared to
solutions due to a changing electronic environment. Furthermore, electroluminescence from charge
transfer states at the donor:acceptor interface have been shown to produce significantly red-shifted
signals in transient absorption measurements for other material blends [171]. Therefore, we assign
the sharp negative signal at 715nm to an electroluminescence of a Squaraine:PCBM charge-transfer
complex. The lack of appearance of this signal in the other PCBM containing films in Figure 5.5

may be a consequence of its limited formation and will be discussed in the next section.

5.4.3 Interpretations of Squaraine:PCBM Blended Film TA

Kinetics and Properties

The red-shift of the 465nm ESA in the PCBM blended films is assigned to an
Squaraine:PCBM excited state complex. The population of this state can therefore be followed
through its growth and, in particular, we note the loss of the 465 nm ESA feature as the
Squaraine:PCBM excited state complex is populated. This apparent red-shift is illustrated in Figure
5.7 and is explored in more detail below. We first clarify how this apparent red shift must
demonstrate energy transfer from HCT to monomer to a Squaraine:PCBM complex, particularly in
the case of 550nm excitations where only HCT excited states may be populated by the pump. Thus,
we argue that i) we excite HCT almost exclusively, ii) the red shift is absent in any neat SQ films,
and iii) PCBM does not absorb at the pump wavelengths so there is neither expectation of direct
absorbance nor any evidence of direct formation of PCBM excitons in short wavelength GSB. We
note here for further clarification that the red-shift of the 465nm signal may also be from an isolated
PCBM anion, but we are unable to confirm this from our chosen probe bandwidth. However, both
our interpretation of an Squaraine:PCBM complex and a PCBM anion require that charge transfer
has taken place at the interface. The great significance here is that size of this signal may be a metric
for interpreting the efficiency of related devices as a charge transfer process is a necessary step in

the performance of OPVs.
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Figure 5.8 — Transient anisotropy of select signals of unannealed DBSQ(OH)2:PCBM films for both
550nm and 645nm excitations.

The wavelength at the peak of the 460-520 nm ESA feature is plotted as a function of the
pump probe delay time in the graphs shown in Figure 5.7 for all 4 films at both pump wavelengths.
The graphs of Figure 5.7(b-d) all appear similar in that a red-shift, and therefore the charge transfer
from monomer to SQ:PCBM charge transfer complex first occurs at approximately 20-40ps. In
contrast, in Figure 5.7a, for the unannealed DBSQ(OH),:PCBM film, the red-shift begins within
the first 2ps for both excitation wavelengths indicating rapid charge transfer. In considering the
red-shift, we note how we cannot rule out charge transfer from HCT excited states. However, we
restate that the red shift seems to imply that a charge transfer occurs from monomer squaraines at
a bulk heterojunction interface with the PCBM. Nevertheless, it is important to also explore the
red-shifted monomer signal at 715 nm for the unannealed DBSQ(OH)2:PCBM blend to determine

its relationship with the fast formation of charged PCBM complexes.

The feature at 715 nm that we assign to a charge transfer state electroluminescence has
almost insignificant overlap with the 645nm pump and zero overlap with the 550nm pump. For this
reason, we claim that the species had to have been populated by energy transfer. This position is

supported by data provided in Figure 5.8, where the transient anisotropy is plotted as a function of
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Table 5.4 — Time constants from exponential fitting of transient anisotropy kinetics in Figure 5.8.
Percentages represent the fraction of the coefficient of each exponential to the overall amplitude.

Lifetime 570nm Probe—  665nm Probe —  655nm Probe —
550nm Pump 645nm Pump 550nm Pump

71 0.09 ps 0.13 ps 0.13 ps
(46%) (45%) (72%)

2 50 ps 4.8 ps 5.01 ps
(36%) (33%) (25%)

73 1001 ps 300 ps 300 ps
(18%) (22%) (3%)

time for unannealed DBSQ(OH).:PCBM films for both the 550nm pump (570nm, 655nm, 715nm)
and 645nm pump (665nm and 715nm). The anisotropy values for 570 nm, 655 nm and 665 nm
features are 0.25 or above at Ops, with some expectation that they would approach a value of 0.4
[164] for perfect anisotropy. However, the initial anisotropy values for the 715 nm signal for each
of the pump wavelengths is less than 0.06. Furthermore, any rapid decay of anisotropy for 715 nm

features is complete within 500fs.

While the anisotropy of the 715nm signal is zero instantaneously, the more complex and
longer-lived transient anisotropy traces in Figure 5.8 may be fit to exponential decays to better
compare them. Decay time constants from fits to three exponentials are provided in Table 5.4 for
probe wavelengths of 655nm (550nm excitation), 665nm (645nm excitation), and 570nm(550nm
excitation). From the data in Table 5.4, each probed wavelength has a very small first decay time
constant of around 100fs along with two longer lived components. The 655nm/665nm signals
maintain a moderately fast decay of anisotropy (time constants of ~5ps and 300ps) while the
anisotropic characteristic of the 570nm signal is very long lived (time constants of 50ps and

1001ps).

We interpret that the long-lived anisotropy of the HCT(+) 570 nm GSB results from a
relatively slow energy transfer within the manifold of those HCT(+) states. Any energy transfer

between HCT(+) states will likely occur without significant orientational change since relaxation
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may occur through a longer-range crystal structure. These data are consistent with the slow decay
of the 570 nm HCT(+) GSB feature in all graphs of Figure 5.4, representing films where either the
domain size will have grown because of annealing or for DHSQ(OH). where phase separation
occurs during the spin coating process [84], [120]. Since energy transfer within a manifold of well-
packed squaraines is based on a Dexter mechanism, it may be slow, since it depends critically on

short intermolecular spacing and orientation.

The anisotropic decay of the 665nm/655nm signals of the unannealed DBSQ(OH)2:PCBM
films is noticeably faster than the 570nm signal of the HCT species, likely due to the monomer
GSB that overlaps with the HCT(-) GSB. We note that energy transfer to a monomer will
necessarily lead to a loss of anisotropy since that monomer is differentiated, by definition, by
different collective orientations and likely different transition dipole moment orientations relative
to the pump beam polarization. Furthermore, the faster component of the anisotropic decay can be
attributed to the population of a diverse array of these monomer species. This interpretation is
consistent with the analysis of the neat films where fast energy transfer from HCT to monomer was

attributed to the proximity of HCT to monomer at the periphery of the squaraine domains.

Again, the 715nm feature appears instantaneously, has no apparent anisotropy, and has
been assigned to an electroluminescence from a Squaraine:PCBM charge transfer species. It is
populated here not by direct photoexcitation but by rapid energy transfer likely from both the HCT
(in the case of the 550/645nm excitation) or less red-shifted monomers (645nm excitation).
Additionally, we infer that the exciton undergoes charge transfer at the interface to the PCBM,
evidenced by an equally rapid red-shift of the 465nm ESA in Figure 5.7a. For 550nm excitations,
where HCT must be the only initially excited species, we further infer a rapid energy transfer from

HCT to the charge transfer species of interfacial Squaraines and PCBM.
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5.4.4 PCBM Blend Films TA Discussion and Conclusions

By introducing a PCBM acceptor into the SQ film, we provide a pathway for charge
separation at the interface of the SQ:PCBM. This charge separated state introduces the possibility
of a SQ cation and PCBM anion signal as an indicator of successful charge separation. It is
important to recognize that the appearance of either of these signals necessitates that the exciton

was able to reach the interface through energy transfer or in the case that it was populated directly.

Additionally, PCBM will influence the aggregation properties of SQs, particularly at
domain interfaces between the two materials. Because PCBM will introduce impurities to otherwise
pure SQ domains, the interface of the two materials can be predicted to have a greater monomer
population due to the intermixing of the SQ and PCBM. This is particularly expected for
DBSQ(OH), which blends well with the PCBM. Because of this intermixing at the interface, we
expect an increase in the volume of our shell of monomers, as described in a microstructure
description in section 5.3.3. However, annealed blends will still likely have a reduction in this

volume when the system moves towards a thermodynamic equilibrium defined by phase separation.

The sub 2ps formation of the SQ:PCBM charge transfer complex in unannealed
DBSQ(OH)2:PCBM films is interesting in that it correlates with the highest performing devices

discussed in previous chapters.

In summary, we conclude that i) rapid energy transfer from HCT to monomers occurs within
squaraine domains, ii) rapid charge transfer occurs at the interface of Squaraines and PCBM once
an excited state has been populated at the periphery of a squaraine domain, either via direct
excitation or through energy transfer, iii) the time for diffusion of any excited state to the domain
periphery, (and hence for charge transfer to PCBM) depends on the distance to that periphery from
the location of initial photoexcitation, iv) HCT species may undergo efficient energy transfer

through the Dexter mechanism but generation of charged PCBM (and therefore higher
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photocurrent) is limited by the diffusion distance, and indeed by overly large material domains
rather than the excited state species within those domains. In the case of annealed blended films,
or even unannealed DHSQ(OH).:PCBM films, domains are dramatically enlarged due to the
marked phase separation. The result is a dramatic increase in the average distances excitons must
travel to reach the interfaces. Furthermore, a reduction in total interfacial surface area, due to
increased phase separation, further depletes the capacity of excitons to reach the interface due to
fewer available monomer sites relative to the number of HCTs. The result therefore is that HCT
states must be capable of efficient energy transfer through the Dexter mechanism and are not
inherently bad for the performance of OPVs. Rather it is the coexistence of the larger Squaraine
domains and a reduction in monomer interface sites which limits their performance and necessarily

reduces the efficiency of corresponding devices.

5.5 Conclusions

The original goal of this chapter was evaluating the energy transfer properties of charge
transfer H-aggregates, in a variety of Squaraine morphologies, and identifying the contribution of
their energy transfer efficiency to OPV efficiency without other influential variables such as charge
mobility. Previous studies on dimer H-aggregates have produced results pointing to preferential
energy transfer from monomers to the dimer species. However, results here have identified sub
picosecond energy transfer from charge-transfer H-aggregates to peripheral monomers in both neat
films and in PCBM blended films, evidenced by the rapid formation of excited state monomer
associated signals in all transient absorption spectra presented here. Furthermore, the overall
direction of excitons in squaraines was shown to proceed preferentially from HCTs to monomers,
the opposite of what literature has shown for DHAs and monomers where excitons preferentially
moved from monomer to DHA. However, energy transfer from HCTs to monomers was shown
here to be heavily restricted in films with larger HCT domains due to the longer necessary distance

to peripheral monomers. The rapid energy transfer characteristics of these charge transfer H-
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aggregates for short intermolecular separations strongly suggests that the Dexter energy transfer
mechanism is responsible. After population of the few available monomer sites, rapid depletion
follows through an exciton-exciton annihilation mechanism due to limited available monomer sites.

We also identified the formation of a Squaraine:PCBM charge transfer complex in as little
as 2-4ps after excitation of the charge transfer H-aggregate, evidenced by the instantaneous
appearance of charge transfer electroluminescence and excess charge generation on the PCBM.
This is an essential feature in the consideration of how these species contribute to overall OPV
efficiency as formation of the charge transfer state is a key step in the OPV mechanism. However,
once again deeper HCT excitations, populated far from peripheral monomers, in larger domains of
HCT were identified as undergoing much slower formation of the Squaraine:PCBM charge transfer
complex with times closer to 20-40ps, an order of magnitude slower than in highly mixed films
with smaller domains. In the context of OPV this leads to two key conclusions. The first is that
charge-transfer H-aggregates can undergo rapid energy transfer at short intermolecular separations,
likely through the dexter mechanism. The second, a consequence of the first, is that phase
separation must be limited, and highly mixed films are essential to reap the benefits of this rapid
energy transfer and ensure that HCT excitons may reach the interface. In the next chapter we will
draw key connections of the TA work and conclusions presented here to OPV device performance

of the previous chapters.
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6 Summary, Conclusions, and Future Work
This dissertation examines how Squaraine HCTs impact the efficiency of OPV devices,

focusing on the role of morphology and energy transfer properties. By studying the limitations of
the charge transfer H-aggregate and identifying the optimal morphology for a squaraine-based OPV
device, this research aims to provide a framework for improving device efficiency and lifespan,

with the goal of commercialization for Squaraine based OPVs.

Chapter 3 focuses on the efficiency contribution of the squaraine molecule DBSQ(OH); in
its monomer, DHA, and HCT forms in devices, specifically quantifying the populations of each
species. In section 3.2, DBSQ(OH). excited state populations were quantified using detailed
absorption measurements of DBSQ(OH),:PCBM unannealed and annealed films with a varying
DBSQ(OH) fraction. A transition from mostly Squaraine monomers to an increasing absorption
and population of DHAs was observed in the unannealed films with increasing DBSQ(OH);
fraction. In the annealed films, increasing DBSQ(OH); fraction instead produced a transition from
Squaraine monomers to mostly HCT excited states at higher fractions. In all films, the fraction of
Squaraine HCTs was quantified using separate spectral subtraction and gaussian fit approaches
with similar results for both shown in Figure 3.2. A population interchange between monomers in
dilute mixtures, dimers in concentrated mixtures, and HCTs in pure/crystalline regions was

identified.

In section 3.3, we sought to measure the extinction coefficient (o) of the HCT species. Film
thicknesses for each blend ratio, annealed and unannealed, were measured using atomic force
microscopy. A measured thickness of a 100% DBSQ(OH), annealed film (d), assumed to be
entirely crystalline HCT, combined with absorbance (A4) yielded the extinction coefficient of the
HCT species according to A = ad, plotted in Figure 3.4. With this extinction coefficient, we were
able to determine the effective thickness associated with the HCT species in any film.

DBSQ(OH)2:PCBM films were then dissolved to determine the exact mass of DBSQ(OH). and
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PCBM on each film which, when combined with known thickness data, allowed us to determine
Squaraine density upon changes to blend ratio and annealing. The thickness data in Figure 3.3
deviated from the linear tie between 0%DBSQ(OH), and 100% DBSQ(OH), that was expected for
two materials with fixed densities. The observed thicknesses suggested an incorporation of smaller
DBSQ(OH); molecules into PCBM at low SQ wt.% blend ratios and confirmed our interpretation

that DBSQ(OH), mixes well with PCBM.

Organic solar cells of each blend ratio, annealed and unannealed, were fabricated and tested
in section 3.5. The device data, presented in Figure 3.4, revealed two optimized device blends of
38% DBSQ(OH); in unannealed devices and 59% DBSQ(OH); in annealed devices. For the 40
wt.% DBSQ(OH), unannealed films, dimerization of DBSQ(OH), was substantial, yet
DBSQ(OH), remained well mixed with PCBM. We interpreted therefore that DBSQ(OH),, while
largely phase separated, retained small domain sizes through the preferential mixing of
DBSQ(OH); and PCBM. For the annealed 60% DBSQ(OH). films, approximately 90% of the
Squaraine was HCT (Figure 3.2). The extensive phase separation likely in higher weight% devices,
combined with thermal energy from annealing, was predicted to produce highly crystalline
domains. The improved crystallinity and concomitant mobility likely overcome any possible

stifling of exciton diffusion due to HCT or large domain formation.

Chapter 3 demonstrated how some level of mixing is valuable in molecular devices. In
well-mixed samples, the distance required for exciton diffusion to a BHJ interface is short, while
the charge mobility would expectedly be lowered. On the other hand, device data also supported
the possibility that crystal packing may ultimately help the efficiency of the device despite the
formation of charge transfer coupled H-aggregates for which fluorescence is quenched and
therefore for which energy transfer may be stifled. However, questions remained unanswered about

device implications of HCTs specifically and concomitant phase separation.
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In chapter 4 we considered the incorporation of two different Squaraine donors in a two
donor, one acceptor ternary blend with PCBM. DBSQ(OH). which blends well with PCBM, was
hypothesized to be capable of breaking up pure Squaraine domains by acting as a surfactant
between DHSQ(OH). and PCBM, which were shown to phase separate upon casting otherwise. It
was hypothesized that Squaraine intermixing would therefore allow some control over the extent

of aggregation and phase separation.

In section 4.2, absorbance spectra and KPFM images provided a clear description of the
extent of HCT formation and phase separation in Squaraine:PCBM blends. DBSQ(OH), tended to
blend well with PCBM, demonstrated by homogeneous mixing and absorption features that
indicated predominantly monomer and dimer H-aggregate formation. In contrast, DHSQ(OH):
blended poorly with PCBM, with increases to both HCT populations and domain size. Upon
combining both Squaraines with PCBM, ternary blend absorption spectra showed reduced HCT
formation for DHSQ(OH)., even with DBSQ(OH), weight fractions as low as 10%. Furthermore,
ternary blend KPFM images showed decreasing domain size as the relative weight percent of
DBSQ(OH); increased, illustrating markedly reduced phase separation with added DBSQ(OH)5.
The combination of spectroscopic assignments and KPFM images confirmed that DBSQ(OH):
acted not only by breaking apart DHSQ(OH), aggregation, but also as a surfactant encouraging

blending with the PCBM acceptor.

In section 4.3, the performance of ternary blend devices was correlated with the changing
morphology properties identified in section 4.2. For 0%-65% DBSQ(OH). blends, where phase
separation was clearly observable in the KPFM images, average PCE never exceeded 2.52%. Phase
separation and larger domains partly explained the lower performance of higher DHSQ(OH).
weight fraction devices. However, phase separation alone failed to explain the notable dip in
performance of 20%-65% DBSQ(OH), blends below a predicted tie line in Figure 4.4. Devices

with 0% and 10% DBSQ(OH). fractions, where phase separation was maximized, had higher
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efficiencies than 20%-65% DBSQ(OH), blends. Limited energy transfer across phase separated
regions of HCT was thus refuted as the main cause for efficiency loss. IQE measurements revealed
that PCE was driven further downwards due to the broad distribution of states and increased

likelihood of low-energy traps from diverse excited state populations.

In section 4.4, we evaluated the effects of low temperature annealing on the morphology
and efficiency of ternary blend devices. KPFM images revealed limited further domain enlargement
after annealing when compared to unannealed films. However, there was sufficient thermal energy
for crystallization in already formed Squaraine domains, significantly increasing HCT formation
spectral motifs in all annealed absorbance. However, we observed slightly less HCT formation in
annealed films containing large fractions of DBSQ(OH)., further indicating that DBSQ(OH), can
break up DHSQ(OH): aggregates. Because phase separation was not observed in annealed blends
while HCT formation was extensive, we could evaluate the effects of HCT formation without
concomitant domain enlargement. Annealed ternary blend device data revealed that five of the nine
ternary blends had a statistically significant increase in PCE after annealing while only one blend
ratio had a significant efficiency loss. If the HCT species was inherently a source of poor
performance through potential poor energy transfer characteristics, we would expect devices to
decrease in performance. Instead, the increase in PCE indicated that HCTs, or crystallization, were
not bad for device performance. Furthermore, the combination of two Squaraines in a ternary blend
was shown to help preserve the morphology of the as-cast film by preventing significant phase
separation. Since an enhancement in device performance was observed with increased HCT
formation when phase separation was restricted, further investigation into specifically energy

transfer of HCTs was required.

Chapters 3 and 4 showed that the formation of HCTs in organic photovoltaics (OPVS) is
not inherently detrimental to overall device efficiency. Instead, the efficiency loss appears to be

primarily due to larger domain sizes and diverse excited state populations. Furthermore, highly
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efficient OPVs typically have smaller domain sizes, even when HCTSs are the predominant species
within the active layer as shown in chapter 4. In chapter 5, we wanted to specifically evaluate the
energy transfer properties of HCTs and their contribution to device efficiency, separate from other

steps in the OPV mechanism.

To analyze HCT energy transfer properties, we utilized transient absorption measurements
to monitor the excited state kinetics of Squaraine excited states in thin films. In section 5.3, transient
absorption spectra of neat Squaraine films were presented. In neat films we observed only the
kinetics of Squaraine excited states as there was no possibility for charge separation at a
donor:acceptor interface. We assumed a morphology where HCTs are most prominent near the
center of Squaraine domains, due to increased squaraine density and reduced mixing, while near
domain interfaces there is likely an increase in monomer population. This assumption implied that
a preferential motion of excitons from HCTs to monomers would benefit devices. A key
observation in all neat films was the appearance of multiple monomer signals. This was particularly
of interest after 550nm excitations, where only the HCT species absorbs. It was determined that
monomer excited states were populated through energy transfer after HCT state excitation. Isolated
monomers on the peripheral shell of each domain were determined to be instantaneously populated
by HCT excitons photoexcited nearby. This was attributed to the Dexter energy transfer mechanism
which is very rapid for small intermolecular spacing. Simultaneously, a rapid depopulation of
excited monomers was identified and posited to be rapid exciton-exciton annihilation due to the
small population of available monomer sites already excited. At longer probe delay times, the rate
at which monomers were populated was dramatically slowed and was attributed to HCT excitons

nearer to the center of the domain diffusing to the interface from greater distances.

When considering neat film observations in the context of our device work in chapter 3
and 4, it further confirms the interpretation that small domain sizes are essential to the performance

of the device, particularly for the HCT species. Squaraine HCT species were determined to be
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extremely effective energy transfer contributors for OPV devices, capable of transferring energy to
monomer sites nearly instantaneously via the Dexter mechanism. Consequently, devices with fewer
available monomer sites and increased average HCT domain size due to extensive phase separation

and crystallization will have substantially restricted Dexter energy transfer from HCT to monomer.

To better understand the behavior of HCTs in a complete OPV device, PCBM blended
films were subsequently measured using TA. In section 5.4, the TA measurements of blended films
of squaraine with a PCBM acceptor in a 1:1 ratio were provided. New signals were assigned
specifically to the formation of a Squaraine-PCBM charge transfer complex in all films. It was
determined that charge separation at the interface first occurs at approximately 20-40 ps in films
with large domains (unannealed DHSQ(OH),:PCBM, annealed DHSQ(OH).:PCBM, and annealed
DBSQ(OH)2:PCBM). In contrast, the unannealed DBSQ(OH),:PCBM film showed charge transfer
complex formation in as little as 2 ps. Additionally, long-lived anisotropy of the HCT(+) signal
confirmed a relatively slow energy transfer mechanism within the manifold of HCT states, a
consequence of the critical dependence on short intermolecular spacing and orientation of the

Dexter energy transfer mechanism.

The goal of chapter 5 was evaluating specifically the energy transfer properties of HCTSs,
and thus determining HCT contributions to overall OPV efficiency. Sub picosecond energy transfer
from HCTs to peripheral monomers, in both neat films and in PCBM blended films, likely
proceeding through the Dexter mechanism, was observed. Additionally, the preferred direction of
excitons in Squaraines proceeds from HCTs to monomers, a key outcome in the context of
enhancing the efficiency of OPV devices. Furthermore, identification of the formation of a
Squaraine:PCBM charge transfer complex, in as little as 2-4ps after excitation of HCTs, further
confirms significant potential for HCT contribution to OPV efficiency. However, energy transfer
from HCTs to monomers and eventual charge transfer species was shown to be heavily influenced

by the size of domains with excessive domain enlargement dramatically slowing exciton motion.
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Deeper HCT excitations in larger domains of HCT were identified as undergoing a slower
formation of the Squaraine:PCBM charge transfer complex with times closer to 20-40ps. It is clear
from this work that HCTs can undergo rapid energy transfer, likely through the dexter mechanism.
However, well mixed films with small domains are essential to benefit from the rapid energy

transfer and ensure that all HCT excitons may reach the interface.

In conclusion, the work in this dissertation has led to several key outcomes in the push
towards both the commercialization and research value of Squaraine based OPVs. There is a clear
importance in the mixing properties of materials and a need for materials which remain well mixed
in their thermodynamic equilibrium. Dramatic differences in the blending characteristics of similar
Squaraine derivatives has been shown to allow for a diverse array of active layer morphologies in
both as cast films and in thermally equilibrated films. Furthermore, the diverse series of excited
state species for Squaraines separates them from other materials, making them fantastic candidates
for critical evaluation of excited state properties. Dexter energy transfer in Squaraines has been
observed to occur remarkably fast and despite a lack of fluorescence from the charge transfer H-
aggregate species. Direct observation of a Squaraine:PCBM charge transfer complex provides a
key advantage for Squaraines regarding evaluation of OPVs. Formation of the charge transfer
species at the donor:acceptor interface is a key step in the OPV operation mechanism, making the
ability to observe and study it essential for improving devices. Further consideration of Squaraines
and their beneficial properties for the OPV clearly has the potential to drive OPV research towards

technological improvement and commercialization.

To continue the development of OPV technology, there are several potential steps that
could be taken to further develop Squaraines as a commercial opportunity. While we identified the
formation of a Squaraine:PCBM charge transfer complex, it was without confirmation of the
PCBM anion formation. The charge transfer complex may have trap-like characteristics, preventing

separation into free charge carriers. To ensure that there is no significant exciton loss from trapping
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at the interface, it would be valuable to verify the efficiency of formation of a PCBM anion from

the Squaraine:PCBM charge transfer complex.

Additionally, it has been confirmed that small, well mixed domains are essential to device
performance for all underlying species. Identifying materials that mix ideally for OPV in their
thermodynamic equilibrium is therefore essential. Ensuring that long term phase separation is
limited, or entirely prevented, is essential to commercialization. We confirmed ternary blends with
two Squaraines have reduced phase separation for short duration, low temperature annealing while
still allowing for beneficial crystallization in small, already formed domains. Thus, combining
multiple Squaraines may provide a pathway to limiting phase separation over a device’s lifetime.
Identifying the limitations of the observed reduction in phase separation for mixed Squaraines, both
at longer times and with higher temperatures, may lead to a solution for phase separation concerns

in longer lifetime devices.

Throughout this thesis, we consistently used PCBM as the acceptor, which inherently
limits device efficiency. While PCBM's consistent packing and limited performance variability
helped simplify our study, its poor absorption characteristics restrict device performance. In
contrast, Squaraines have high extinction coefficients, and the HCT species' broadened
absorbance aligns well with the solar spectrum (500-800nm). Pairing Squaraines with a more
suitable acceptor that promotes a well-mixed morphology and provides complementary

absorbance could lead to substantial efficiency improvements.
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Figure A8.1 — (left)Spectra of annealed DBSQ(OH): film absorbance where percentages represent
targeted SQ weight%o values, with the remaining percentage made up by PCeBM. (right) The spectra
that remain after subtraction of the PCBM contribution and a 100% DBSQ(OH)2 spectrum for the
90°C 5 minute anneal film multiplied by a coefficient. The subtraction was made such that the new
baseline values summed to zero over six different ranges, 550-570 nm, 540-570 nm, 530-570 nm, 520-
560 nm, 500-560 nm, 480-560 nm. The subtraction coefficient for all these cases was then averaged,
which considers that a larger range provides greater accuracy for smaller SQ weight percent films,
and a smaller range provides greater accuracy for larger SQ weight percent films. The errors provided
in Table A8.1 provide the truest depiction of uncertainty for all blend ratios.
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Table A8.1 - The relative contributions of the HCT state for each 90°C annealed squaraine film.

Wit% Contribution of HCT? | % of SQ that is HCT®. Area of fitted peak % of SQ that is HCT¢.
SQ (Standard Deviation) [Zero Baseline] divided by 100% HCT [Gaussian Fit]
[Spectral Subtraction area®
Coefficient]
0 0 0
10 0.0056 (0.0013) 56+1.3
20 0.0138 (0.0060) 7+3
30 0.0376 (0.0120) 13+4
40 0.1528 (0.0180) 38+5
50 0.4452 (0.0166) 89+4 0.424 84.9
60 0.5489 (0.0128) 92+4 0.532 88.7
70 0.6865 (0.0112) 98 +4 0.675 96.4
80 0.7634 (0.0145) 95+ 4 0.746 93.3
90 0.9336 (0.0120) 104 + 4 0.916 102
100 1(0) 100 1 100

2 Average Raw coefficient (wavelength ranges 550-570nm, 540-570 nm, 530-570 nm, 520-560 nm, 500-560 nm, 480-560 nm) multiplied by the
100% SQ, 90°C annealed spectrum (defined to be HCT only), and subtracted. Provides an average baseline of zero over the wavelength range
stated. (Standard deviation is calculated from the averages over the six wavelength ranges stated)

b Fraction of SQ that is HCT is calculated by dividing the Average Raw coefficient by the blend ratio fraction of SQ in the associated film, thereby
normalizing the coefficient to yield a per SQ weight percent value. Percent error is obtained by dividing the standard deviation from the averages
over all six wavelength ranges by that average, and by compounding that error with the 3.2% uncertainty in blend ratio. Blend ratio uncertainty
was determined for 16 films with varying SQ:PCBM blend ratio. After comparing the target blend ratio with the actual amount of each material on
the film, as measured by dissolving off the film into a known volume of chloroform and back-calculating the mass from molar absorptivity, we
determined the average error to be 3.2%.

¢ Area obtained from fitting for the high energy annealed peak divided by that for the 100% SQ annealed film.

dFraction of SQ that is HCT: Area of Gaussian peak fit divided by 100% SQ Gaussian peak fit, subsequently divided by the fraction of SQ in the
sample. This is done because as the concentration of SQ increases we must account for the associated increase in absorbance, according to the
Beer Lambert Law.
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Table A8.2 — Gaussian peak fitting parameters of unannealed films

W1t% SQ High Energy Width Area Low Energy Width Area
Peak Posn. Peak Posn.
10 667.5 139.34 19.65 679.25 48.18 9
20 657.73 126.97 39.56 681.8 46.19 10.98
30 611.04 92.74 29.22 681.45 75.98 45
40 607.01 93.27 45.92 681.28 75.31 56.61
50 605.9 96.35 67.3 681.9 74.07 67.38
60 605.29 98.28 83.13 682.39 73.6 74.64
70 603.93 101.38 106.6 682.34 72.95 82.68
80 600.84 102.66 120.46 681.31 74 88.78
90 596.31 107.31 146.8 679.92 76.54 97.71
100 591.34 111.96 165.92 678.27 79.72 102.6
Table A8.3 - Gaussian peak fitting parameters of 50°C Annealed Films
Wit% SQ High Energy Width Area Low Energy Width Area
Peak Posn. Peak Posn.
0
10 670.19 137.9 17.26 679.1 48.54 8.743
20 659.83 126.6 36.12 681.8 46.41 10.36
30 650.12 131.8 62.27 684.3 46.39 13.28
40 608.12 93.31 44.24 681.8 75.08 55.53
50 607.65 97.42 65.61 682.66 72.92 63.85
60 606.28 98.19 80.09 682.62 73.21 72.97
70 606.22 103.44 109.16 683.3 70.83 78.79
80 601.01 106.89 118.3 681.5 73.24 80.61
90 554.44 83.73 116.86 650.18 101.91 97.31
100 552.51 85.96 136.89 650.64 102.01 97.78
Table A8.4 - Gaussian peak fitting parameters of 90°C Annealed Films
W1t% SQ High Energy Width Area Low Energy Width Area
Peak Posn. Peak Posn.
0
10 667.03 117.7 16.04 680.26 45.78 7.87
20 659.55 123.7 35.4 681.75 47.6 11.88
30 653.82 131.95 56.38 683.4 48.5 14.4
40 619.61 155.9 65.38 680.12 62.68 27.2
50 552.83 79.84 59.53 656.99 100.89 61.62
60 551.93 82.7 74.68 654.45 102.05 68.19
70 551.88 84.29 94.7 652.1 101.26 77.14
80 552.42 83.79 104.69 650.97 101.53 85.45
90 552.12 84.11 128.54 650.85 101.06 98.84
100 551.68 86.37 140.3 651.74 102.43 96.94

135




100 ' LB

80 - -

60 - -

% of SQ Absorbance that is CT-HA

™ ]
oL =m B Subtracted Spectrum Method i
® Area Under ITigh Energy Peak Titting method
1 1 | 1 1 1
0 20 40 60 80 100

Weight% SQ

Figure A8.2 - These data for the 90°C Annealed film are taken from Table A8.1, from the 3rd and 5th
columns respectively. Black squares represent the % of SQ absorption that is HCT based on the
spectroscopic subtraction method. The red Circles represent the % of SQ absorption that is HCT,
determined by normalizing (dividing) the area of the high energy peak for the film by the fitted peak
area for the 100% SQ sample, then divided by the wt% SQ in the film. The red circle data has been
determined only for the spectra in which the high energy peak is a 550nm peak, as shown in Figure
A8.1 above.

The HCT Contribution Indicator

The percentage HCT can be determined through spectroscopy analysis as described below.

Gaussian Fitting Approach: To explain Figure SI3, we first assume that absorbance at 550nm can
only come from the HCT. We then assume that after 5 minutes of 90°C annealing, any phase
separation and crystallization is complete for that film. We then claim that the high energy peak
originates from HCT absorbance. When we divide the area for the 550nm peak for a given film by
the peak area for the 100% SQ 90°C annealed film, and then divide by the fraction of that film that
is SQ, this normalizes the peak area in relative units of “per % SQ”. This allows us to know the

percent of the SQ that is HCT.

Spectral subtraction approach: On the other hand, we have the second assessment of the
contribution of the HCT absorbance based on spectral subtraction. We note that absorbance
increases linearly as the concentration of a particular species increases, or as the path length of a
particular species increases. Therefore, the coefficient used to allow successful subtraction of the
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Figure A8.3 - The peak positions from Table A8.2, Table A8.3, and Table A8.4 for the high (left) and
low (right) energy peaks that are arbitrarily fit to the spectra measured for SQ:PCBM blend ratios.

HCT when divided by the wt% of SQ in the film provides an independent measure of HCT

aggregation.

Determining the Predicted Fraction of HCT as a function of Weight percent SQ

A “Gaussian Fit” approach is used to quantify the measured spectra for both the annealed and
unannealed samples used in this paper. The spectra are fit to two Gaussian functions. The fits
provide parameters which describe i) peak position, ii) area under each curve, and iii) the width of
the Gaussian, as shown in Table A8.2, Table A8.3, and Table A8.4. (In each table, we not only
include parameters from fits to spectra of films annealed at 90°C but also from fits to spectra from
unannealed films, and a set annealed at 50°C).

Given that there is no 500-540nm peak for the unannealed films because HCT concentrations are
very low, we explore the parameters for peak position from our Gaussian fits, The high energy (low
wavelength) peak positions and low energy (high wavelength) peak positions are plotted
respectively in Figure A8.3.

We subsequently plot, in Figure A8.4, the low energy peak position for each film as a function of
contribution of HCT for that film, determined by the Gaussian Fit Area Method (Column 7, Table

SI1, Black Squares) and the Spectral Subtraction Method (Column 2, Table SI1, Red Squares).
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Figure A8.4 - A plot of the wavelength of the low energy peak as a function of the percentage fraction
of HCT, determined by spectral subtraction and Gaussian fit area method.

The equations for the linear fits to the plots of wavelength of lowest energy peak to the fraction of
SQ that is in the HCT state (determined using the two approaches described above) are shown in
Figure A8.4 and have the following parameters in Table A8.5. We note that these fits are low in
guality with an uncertainty in the fit to Gaussian Fit Area Percentage of £28%. Finally, these slopes
are used to estimate the percentage of SQ that is in the HCT state for both unannealed and annealed
film spectra, based on a determination of the lowest energy peak position found from Gaussian

fitting.

Table A8.5 - Parameters for calibration curve linking the wavelength of the low energy peak and the
%HCT.

%HCT Calculation method for x- Slope (Error) in Intercept (Error) R?
axis. nm per percentage in nm.
point.
Spectral subtraction -34.1 (£2.5) 686.1 (x1.9) 0.960
Gaussian Fit Area percentage -32.0 (£ 8.9) 683.0 (+8.4) 0.763
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Figure A8.5 (Same as Figure 3.2) - Predicted percentages of SQ molecules in films associated with HCT
species calculated by absorbance curve fitting methods.

Figure A8.5 and Figure 3.2 both plot data where the fraction of HCT is predicted from the position
of the Lambda-Max of the low energy peak in the spectrum as a function of the blend ratio that
accompanies each spectrum. The predicted values use the equations for the straight lines presented
in Table A8.5 to estimate these fractions, noting that the percentage uncertainty is +7.3%, based on

slope errors for the fitting of peak position to spectral subtraction data.

Calculation of number of molecules in a Charge-Transfer H-aggregate of Squaraine

We first measure the extinction coefficient for the monomer, @,y 1 in equation A3-2. We make a
key assumption that the integral of the extinction coefficient plotted against energy for the monomer
in a solid solution is equivalent to the integral of the molar absorptivity versus energy for the
squaraine in /iguid solution when the unit of path length is the centimeter in both cases. Thus, the
extinction coefficient is the molar absorptivity multiplied by the molar concentration. Note that in
this paper we always use the path length in units of cm. For a low concentration blended film (here
SQ is the analyte), the volume (in L) of the solid solvent (here PCBM) can be measured by AFM,
as described in the experimental section, and the mass of the SQ in the film can be determined with

absorption spectroscopy of redissolved films. Hence,
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_ _ STLSQ
amon,l = &nonC = VpcEM A3-2

where &0, is the molar absorptivity of dilute isolated DBSQ(OH); in units of L mol ¢m™, and

®mon,1 is the extinction coefficient in cm™, and Vpcpy, is the volume of the solid solvent.

A comparison between the measured extinction coefficients is shown in Figure 3.4. The ratio of the
integrals under the curves for HCT to M using the approach described in equation 3-1 (repeated
here) and equation A3-2 is found to be 4.997, which indicates that the HCT encompasses 5

squaraine molecules.

XNsQ,mon
fbandaCT—HA(eV)= Vf,i;gM fbandgmon(ev) A3-3

Equation 3-1 is also based on the stoichiometric relationship described in equation A3-4, below.

5N50,mon = Nsq,cT—HA A3-4

Where ngg mon denotes moles of SQ monomer and ngq cr—p4 denotes moles of SQ in the HCT
form. The number of moles of SQ in the DHA form will be denoted as ngqy py4 and by definition

the dimer H-aggregate comprises 2 molecules of SQ monomer.
2N50,mon ~ NsQ,pHA A3-5

The further value of this approach is now described. We note that for any particular film the fota/

number of SQ moles ngg 1, and PCBM moles on that film can be determined after redissolving

the film, and using simple Beer-Lambert law analysis, taking into account the stoichiometry

relations described in equations A3-4 and A3-5. Equation A3-6 describes the number of moles of

SQ.

Nso,tot = Nsgmon T 2MpHa + SNer—pHa A3-6
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We recall our two objectives to quantify how much of any film’s absorbance is associated with each
SQ species, and secondly to quantify the number of SQ molecules that are then represented by that
absorbance. Since we now know the extinction coefficients of the HCT state and the monomer, and
for the PCBM film, we can therefore, by elimination, determine the absorbance that is associated
with a dimer H-aggregate, which by definition we claim has two molecules of squaraine per

absorbing dimer.

We can therefore obtain a coefficient for each species that, in its raw form, is the percentage of the
total absorbance (Abs;,¢q;) that each species contributes (AbSpcgar, AbSmons AbSpra, AbScr—pa)-
These values may be provided in future work. A full set of equations illustrating this logic is

provided below.

AbStOtal = AbSPCBM + AbSMOTl + AbSDHA + AbSCT—HA A3-7

Since we assume that the PCBM has a single amorphous form for all films in this study, and
therefore a fixed density, and a predictable thickness, then we can comfortably remove its effective
thickness (and subtract the absorbance, in practical terms) such that we focus only on the SQs in

our samples.

We then assume that the effective path length for the SQ component, d, is equal to the constant
intrinsic thickness of a SQ molecule independent of the environment, d;,;, multiplied by the
number of molecules, N, that the light passes through depending on the density and film thickness.
We consider N, as the population of all SQ molecules the light passes through. In other words,

we can write:

Abstotal = ad = adintNtot A3'8

Upon substituting equation A3-7 into equation A3-8, taking into account the stoichiometry of

forming aggregates and dimers, and after accounting for and removing the contribution of PCBM
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we end up with equation A3-9, which now includes the populations of monomers, Ny, ,,, dimers

Nppa, and HCT, Nep_pa-

AbSiotar = AmondintNmon + 2apgadintNpua + XAcr—padineNer—na A3-9

Upon canceling the intrinsic thickness d;,; from both sides of equation A3-9, we arrive at:

AbStotal __
“ae = @monNmon + 2apnaNpa + Sacr-naNer-na A3-10

We now divide through by the total number of molecules on the left-hand side (which includes all
the molecules of SQ in the sample, and is known) and we end up with a series of coefficients, C;,

whose values add up to one.

AbStotal _
TN AmonCmon + 2ApuaCpra + 5cr—gaCer-nHa A3-11
int!Ntotal

Where C; = N;/Niorq;- The important thing here is that the coefficients represent the relative

contribution of SQ molecules within a given species to the overall absorbance of the sample.

We further recognize the total thickness of any film as being:

Atotar = dpcem + Amon + dpra + der—na A3-12
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Figure A8.6 - Sample thickness as a function of analysis for two batches of samples. Each point represents
an average of thickness measurements from at least two samples of the same blend ratio. For both
batches, the thickness decreases upon annealing, except for the 100% PCBM samples, indicating an
increase in the density of the blends with annealing, while the density of pure PCBM remains fixed.
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Figure A8.7 — The average open circuit voltage measured for a series of DBSQ(OH)2:PCBM devices
with varying blend ratio, unannealed in black and annealed in red. Linear fits are used as a guide to
the eye.
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Figure A8.8 — The average fill factor measured for a series of DBSQ(OH)2:PCBM devices with varying
blend ratio, unannealed in black and annealed in red. Linear fits are used as a guide to the eye.
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Figure A8.9 — The average power conversion efficiency measured for a series of DBSQ(OH)2:PCBM

devices with varying blend ratio, unannealed in black and annealed in red. Polynomial fits are used as
a guide to the eye.
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Figure A8.10 - Absorbance spectra of a)DBSQ(OH)2 and b)DHSQ(OH): in a neat thin film and a 1:1
blend film with PCBM. c¢) and d) compare the annealed absorption spectra of DBSQ(OH)2 and

DHSQ(OH): in a c) neat film and d) a 1:1 blend with PCBM.
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Figure A8.11 — a) Absorbance spectra of a binary blend of both Squaraine donors compared to
individual neat films of each Squaraine molecule. b) Absorbance of unannealed ternary blend films
with changing DBSQ(OH)2: DHSQ(OH): weight ratio in the donor component while the

donor:acceptor ratio is constant at 1:1.
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Figure A8.12 — Absorbance spectra of annealed ternary blend films with changing DBSQ(OH).:
DHSQ(OH)2 weight ratio in the donor component while the donor:acceptor ratio is constant at 1:1.
Annealing parameters were 5 minutes at 90°C.
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Figure A8.13 - Kinetic Traces of the 620nm feature (a, b) and 550nm feature (c, d) for DBSQ(OH): (a,
¢) and DHSQ(OH):z (b, d) neat film transient absorption measurements from Figure 5.4 with a log scale

on the y-axis. Note that subfigure c is now normalized from 0 to 1 instead of to the maximum to remove
negative values.
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Figure A8.14 — Comparison of the transient absorption response from a 550nm excitation of
DBSQ(OH):2 films cast from (top) 7mg/ml solution and (bottom) 4.5mg/ml solution.
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